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Radiation therapy simulation… a note and a diagram in the chart

The Italian Hospital – Haifa- circa 1940



The 2D era classics…
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Les puedo confiar un secreto?

• La verdad es que nunca tratamos 
pacientes con Radioterapia en 2D…

• Solo se tenia información de 2D
– En radiografías que colapsan el cuerpo 
sobre una película

– En representación de solo un plano por 
vez

• Pero los pacientes … toditos de 3D



In “2D” radiotherapy

•The target is defined in relation to anatomic landmarks –
heavy reliance on bony anatomy

•The extent of fields is driven by knowledge of anatomy 
and by disease pathways

•Extensive use of physical examination, palpation and 
physical measurements of the patient.

•Dose distribution information limited to single plane of 
major significance in order to cover the target. Energy 
selection is very important. 

•Protection of critical organs set by experience 



Perez and Brady - Principles and Practice of Radiation Oncology-1998, and others…

The 90’s –
the era of 3D



3–D Conformal RT
Essential use of CT information

• Major increase in the use of CT information enables the 
construction of volumetric data sets

• The targets are constructed slice by slice from knowledge of 
anatomy and by disease pathways but aided by visualization of 
organs and boundaries between them and the targets. Physical 
examination, palpation and other tests are complemented with
cross sectional images.

• The fields outlines are “conformed” to the BEV of the targets

• Physical measurements of the patient are substituted by digital
image measurements tools.

• The target is still defined in relation to anatomic landmarks –
significant reliance on bony anatomy. Use of DRR’s



3–D Conformal RT – cont.

• Dose distribution information expanded to multiple 
planes

• Accounting for dose contributions from other planes is 
made possible by better beam models. Increased 
weight given to doses to critical organs

• New tools required to describe target and critical 
organ doses (DVH) and for plan evaluation

• DVH of critical organs start to generate Organ dose 
tolerance information and partial volume dose
tolerance

• Multiple beam directions and non-coplanar
arrangements reduce the dependence on beam energy



Irradiacion cranio-axial







Four fields+arcs for a small Prostate EBT
Total prescription 65 Gy to Isocenter



Four fields+arcs for a LARGE Prostate EBT
Total prescription 65 Gy to Isocenter



Green Dose Cloud for four fields plus arcs for the small prostate
Isodose is the 65 Gy prescription



Dose Cloud for four fields plus arcs for the same small

prostate PTV
Isodose is now 97% of isocenter prescription ( 63 Gy)



Same Green Dose Cloud for four fields plus arcs for the LARGE PTV

Isodose is 97% of isocenter prescription – 63 Gy



CT guided Conformal Plan 

One of Six fields
Prescription 77.4Gy to PTV





Dose Cloud for a Six Fields CRT

Prescription Isodose 77.4 Gy – small PTV



Dose Cloud for Six Fields CRT

Prescription Isodose 77.4 Gy – LARGE PTV



Comparative Dose-Volume Histograms



RFS vs. DOSE - RT alone

From: M.J.Zelefsky et. al.; IJROBP June 1998



RFS vs. DOSE - RT alone
657 patients treated in 1994-95

From: P. Kupelian et. al.; IJROBP Feb 2005



IMRT

• Por que molestarse y complicar las cosas?

• Que es IMRT?

• Como se hace?

• Que hacer y que no…

• Que mas?



Dose Response

• From: G.E.Hanks et. al., IJROBP, June 1998



From:G.E.Hanks et. al., IJROBP, June 1998

Morbidity vs. Dose



IMRT is CONFORMAL THERAPY

Conforms (high) dose to the target 

volume for improved tumor control

Conforms (low) dose to sensitive structures to 

reduce complications

AND

Adds modulation to the 

geometric shaping of the beam



•Wedge (1-D linear intensity-modulation)

•Compensator (2-D intensity-modulation)

•Coned-down boost field (bi-level intensity-modulation)

•Dynamic Collimation

- Independent Jaws
- Multileaf : discrete, continuous

- Slit field : Peacock, Tomotherapy

Methods of Intensity Modulation



How is IMRT different from 3D-CRT?

• Definition of the prescription

• Optimization (Inverse Planning)

• Delivery Method

• Dose Calculation

• Quality Assurance requirements

• Treatment Delivery and Verification



A new perspective on what is 

“the prescription”

• Identification of the Target is a “must”

• Definition of the desired Target DVH

• Determine the desired DVH’s for Sensitive 

Structures

• Assign Uncertainties to the Volumes

• Set Goals and Priorities or Penalties



Acoustic neuroma not visible on 

CT image

Mass clearly seen on reformatted 

MRI image after fusion with CT 



Acoustic neuroma not visible on 

CT image

Mass clearly seen on reformatted 

MRI image after fusion with CT 



a-CT image
b-CT and MRI checkerboard 

combination

Image fusion can play a useful role







El “drama” de la Radioterapia?

• Podemos dar dosis de radiación tan 
altas que podemos esterilizar cualquier 
tumor… y “curar” todo cáncer 
localizado…

• …si no fuese por esos otros órganos y 
tejidos intrusos que se meten en el 
camino para molestar…



Relation between Volumes

Sensitive Organ I

Sensitive Organ II

GTVCTV

PTV

TREATED

50%

95%

ICRU-50 and ICRU-62

Margin



The new “craze” in prescriptions



Objective function:
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• “Dividing” each beam into 

many small beamlets

• Each beamlet can have an 

intensity from 0 - 100 % 

How is the

Modulated Intensity 

Calculated?



Plan Optimization

Conceptually, plan optimization 
proceeds as follows:

• For each treatment field, a 
beam’s-eye-view of the target is 
used to divide the field into 
pencil-beams.

• For simplicity, assume the 
pencil-beams are centered on a 
1 cm x 1 cm grid.



Plan Optimization

During optimization:

• The weight of each pencil beam in 
each field is changed during each 
iteration.

• After each iteration, the objective 
function is calculated, along with 
the DVH of the target and critical 
structures.

• The optimization iterations 
continue until the objective 
function is no-longer getting better 
or the maximum number of 
iterations has been achieved.



Prostate Posterior Field Intensity Profile



Dose
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Done!



The Leaf Motion Calculator™
Creates the control file that orchestrates the dance between the beam 

control and the motion of the MLC leaves

• Leaf end shape (geometric 
penumbra)

• Leaf Transmission

• “Tongue and Groove” effect

• Jaw transmission

“Step and Shoot”



The Leaf Motion Calculator™

• Leaf end shape (geometric 
penumbra)

• Leaf Transmission

• “Tongue and Groove” effect

• Jaw transmission

• Leaf speed and acceleration

“Sliding Window”



Effects of Rounded Leaf-End and Leaf Transmission

Total intensity at P :

fp =  I(xr(t)-p) I(p-xl(t)) dt
t=0

T

direction

of motion

Left-leaf Right-leaf

P

beam-on

time

I(x)

leaf end x(t)

Intensity as a function of 
position from the leaf end

beam

x

leaf
transm.

leaf
penumbra

e

1

direct
exposure



Scatter Source

right leafleft leaf

P

Primary Source

P
Isocenter

plane

MLC

plane

Source

plane

MLC

opening

Variation of Output with Field Shape/Size
Backprojection to the Source Plane



• Isodose 
distributions 
are reviewed 
in axial, 
sagittal and 
transverse 
displays.

• The same as 
you would for 
a 3-D plan, 
but many 
more 
structures 
and details

Plan Review: Isodose Distributions



Plan Review: Isodose Distributions

Isodose distributions are

reviewed in axial, sagittal

and transverse displays.

• The same as you would 
for a 3-D plan, but much 
more detail of complex  
structures and dose levels

Isodose lines in the

figures are 10, 20, 30,

40, 50, 60, 70, 80, 90

and 100%.

(Click the mouse to page through isodose 
images.)



Plan Review: Dose Volume Histograms

• Dose Volume 

Histograms of the 

target and critical 

structures are 

reviewed

• The same as you 

would for a 3-D 

plan, but more 

structures



Do We Deliver the Dose Distribution that we 
calculated ?

• Patient specific Quality Assurance 

– Distribution of radiation applied to a 

phantom

– Measurements and analysis of individual 

fields

– Performance of the d-MLC



DRR with planned aperture 
(left) is compared with the  
outline of the exposed port 

(CIAO-on the right) 
obtained with the portal 

imager

MLC position displayed on 
DRR has to match the 
planned aperture (left).

Portal image of the exposed 
port (CIAO) on the right

How do we know if the dose 
is delivered to the right 

place… and does it cover the 
target?



Do We Deliver the Correct Dose Distribution 
for Treatment Every Time ?

• Associate the d-MLC files to the fields in 

the Record and Verify system 

• Verify start positions for each field

• Periodic QA of the d-MLC

• Audit the d-MLC motion history for the 

treatment



With an 80 leaf 
MLC,there are 
about 2,000 

parameters and 
15,000 leaf 

positions per day, 
that have to be 
“just right”….
…every day.

Record and Verify 
systems should be an 
integral part of IMRT 

delivery !

Do We Deliver the 
Same Treatment
Every Time ?



• Targets Move
– Patient positioning
– Limits on delivery system

• Implication:
– Increased risk of complications seen with dose 

escalation
• SOLUTIONS

– Minimize Uncertainty in Target Organ Location, 
perhaps on a daily basis 

– Use Image guided localization of the target or a 
reliable surrogate

– Use gated beam delivery

Targeting Accuracy and Localization



Immobilization is only a part of the solution



Summary

• Advanced imaging, planning and delivery tools, 
such as 3D TPS, ITP and IMRT, allow the creation 
of  highly conformal dose distributions

• The overall treatment is only as good as the 
ability to know where the target and the sensitive 
structures are at all times

• Margins to the target volume should account for 
uncertainties in localization, for patient 
repositioning and immobilization and for organ 
motion.



The better we can “fix” the target and 
be sure where we deliver the dose, the 
more we can reduce the margin required 

to convert CTV to PTV, and spare dose to 
sensitive structures!

However…
The tighter the dose distribution, 
the better we must know where 

the target is at all times!

The big challenges!



So, what else…

• Reduction of localization uncertainties

• Definition (Expansion?) of CTV based on function

• Plan Optimization based on TCP and NTCP data

• Data on partial volume tolerances is needed

• Smoother integration of functions and subsystems

• On-line dose verification with EPID’s

• Image based patient/target positioning (IGRT) 

(e.g.:EPID, US or IR surrogate based corrections, 

Beam gating, CBCT), with or without On-line 

correction

• Adaptive RadioTherapy (ART)

• Monte Carlo based dose calculation



Synchronization of radiation treatment with 
respiration

An implicit assumption is 
that the tumor and organ 
motion is correlated to 
respiration motion.

Motion range of up to 3 cm 
with respiration possible
– PTV increases significantly 

with motion

– Increased PTV limits use of 
radiotherapy for some 
disease sites



Beam ON Beam ONBeam OFF

tumor

tumor

tumor

Respiratory gating is ...

…synchronizing the radiation 
beam with the respiratory cycle



Localization and 4D Tracking

Implanted 

Beacon® Electromagnetic 

Transponders

4D Tracking 

Station

4D Console

4D Localization System

Infrared Cameras

Optical Targets

Optical System

4D Electromagnetic 

Array



Radiationless 4D target tracking (Calypso) 

GPS for the Body®

Beacon® Electromagnetic Transponder

Wireless miniature Beacon®

Electromagnetic Transponders

Accurate, objective guidance for 

target localization and continuous, 

real-time tracking

Actual size: ~8.5mm



Electromagnetics Locate and Track 

Continuously

Step 1 Step 2



3D Variable Motion
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