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Treatment planning

• Treatment planning means defining beam parameters 

that allow delivering the prescribed dose to the tumor 

and respecting dose constraints in healthy organs

• Basic radiation therapy workflow

• Manually selected angles/fields, dose deposition calculation 

in the patient geometry for a unit fluence of every beam(let), 

optimization of fluence to achieve optimal plan



Dose calculation

• Three types of dose calculation:

• Correction (factor) based:

• Dose measurements of photon fields in water

• Apply corrections to account for different distances, materials etc

• No knowledge of particle interactions

• Model based:

• Simplified modelling of particle interactions (effective or net results)

• Apply corrections to account for heterogeneities

• More accurate than correction based methods but slower

• Monte Carlo simulation (or principle based):

• Extensive and detailed modelling of particle interactions 

• Materials and heterogeneities explicitly accounted for

• The most accurate and slowest method



Photon dose calculation algorithms

• Performance comparison:



Dose calculation

• Photon dose calculation algorithms to be presented here:

• Convolution-superposition and collapsed cone convolution (CCC)

• Pencil beam algorithm (PB)



Dose calculation

• The problem of dose calculation uses two types of info:

• “Universal” physical information 

(dose/energy deposition patterns from a particle of a given energy 

in a given material) which we try to model

• Specific (to that patient) physical information 

(fluences, materials, geometries)

• There is a lot of modelling involved to get the 

fluence at the patient surface, for a given source

• This part will be omitted in this lecture 

• We will focus on the modelling done once we know 

the fluence incident on the patient, to get the dose 

in the patient



Convolution-superposition 

photon dose calculation

• The convolution/superposition photon dose calculation algorithm

• The basic principle is described in Ahnesjö et al, Acta Oncologica 26, page 49 (1987)

(uploaded in the lecture’s website, please take a look)

• “In this approximation the integration can be described as a convolution of the 

distribution of the total energy released by primary photon interaction per unit mass,

here given the name TERMA, with a PSF describing the spatial spread of energy

from each interaction point” 



Convolution-superposition 

photon dose calculation

• In this approach the dose deposition is done in two steps:

• Look at how much energy is released when primary photons interact 

with the medium. Not just kinetic energy of charged particles (KERMA) 

but total energy (TERMA)

• Calculate (via Monte Carlo) how is the dose distribution per unit energy 

released at the point of interaction (PSF)

Energy fluence at 

surface from which 

TERMA is obtained

Point spread function of 

energy spread

Dose



Convolution-superposition 

photon dose calculation

• In calculating the TERMA:

• The fluence of the photon beam in units of 

particles per cm2 is defined as:

• The energy fluence of the photon beam in 

units of MeV/cm2 is:

• Which for a monoenergetic beam is simply:



Convolution-superposition 

photon dose calculation

• In calculating the TERMA:

• If        denotes the vectorial energy fluence

of a primary photon beam at a point r, the 

TERMA in a unit volume can be expressed as:

where ρ is the mass density in location r

• The TERMA is the total energy released 

per unit mass

• It seems somewhat similar to a dose (energy per unit 

mass) but not all of the TERMA stays in that 

mass/volume element

• A large part of this energy is spread out of that volume
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Convolution-superposition 

photon dose calculation

• In calculating the TERMA:

• The vectorial energy fluence

is related to the fluence

differential in energy and direction: 

• Substituting         in the equation of the TERMA

• Since the energy fluence changes mainly along the beam 

propagation direction: 
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Convolution-superposition 

photon dose calculation

• In calculating the TERMA:

• For a monoenergetic part of the beam 

with attenuation coefficient 𝜇 :

• Generalizing for an energy spectrum:

• With the fluence at point Ԧ𝑟 with respect to the point of reference 𝑟0
and Ԧ𝑙 = Ԧ𝑟 − 𝑟0 (raytracing involved) being:
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Convolution-superposition 

photon dose calculation

• In calculating the TERMA:

• For a monoenergetic part of the beam 

with attenuation coefficient 𝜇 :

• Generalizing for an energy spectrum:

• With the fluence at point Ԧ𝑟 with respect to the point of reference 𝑟0
and Ԧ𝑙 = Ԧ𝑟 − 𝑟0 (raytracing involved):
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Convolution-superposition 

photon dose calculation

• Knowing the TERMA at some point, we “just” 

need a PSF kernel (dose spread kernel - DSK) to 

calculate the energy deposited at any other point

• The DSK represents the fractional mean energy 

imparted in a  unit  volume in the location

when a primary particle with energy interacts in 

the position 

• If the spectrum of primary is not monoenergetic, 

discretize the spectrum and do the procedure for 

each energy bin 

• The DSK table/database is usually calculated 

using Monte Carlo (high accuracy, calculated 

once)
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Convolution-superposition 

photon dose calculation

• Example of DSKs for 0.4 MeV, 1.25 MeV, 10 MeV photons

Primary photon beam



Convolution-superposition 

photon dose calculation

• Example of DSK for 10 MeV photons



Convolution-superposition 

photon dose calculation

• A bit more “modern” visualization of such a DSK kernel:



Convolution-superposition 

photon dose calculation

• To calculate the DSK for a different material,       

a simple scaling can be used

• From a DSK in a reference material 

• We can scale using the mass density

(using simplifications, ie no cross section scaling)

Primary photon beam
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• To finally calculate the dose or energy deposit in a homogeneous material:

• In a more general/compact form:

Convolution-superposition 

photon dose calculation
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Convolution-superposition 

photon dose calculation

• The convolution/superposition between the TERMA and the kernel:



Collapsed cone convolution

• The convolution/superposition: for each voxel in which the dose has to be calculated

• each TERMA point in the patient

• has to be multiplied by the kernel value of that point corresponding to 

the voxel of interest 

• this leads to a very large number of operations which need to retrieve values 

from a large look-up table (the kernel)

• the process can be optimized by describing the kernel analytically 

• this is the collapsed cone convolution (CCC) algorithm



Collapsed cone convolution

• The kernel, instead of being a very large look-up

table, is split into a few cones (~40) each of them

corresponding to a different angle 𝜗 between the axis

of the cone and the direction of the impinging beam

• The kernel can then be described analytically as:

where 𝐴𝜃 , 𝐵𝜃 , 𝑎𝜗 , 𝑏𝜗 are fit parameters on the kernel in water, 

dependent only on the angle. The different material are represented by the density 𝜌

ℎ 𝑟, 𝜗 = 𝜌 𝐴𝜃𝑒
−𝑎𝜗𝜌𝑟 + 𝐵𝜃𝑒

−𝑏𝜗𝜌𝑟 /𝑟2



Collapsed cone convolution

• A further assumption is that the value of the kernel

within one cone, is fully and uniquely described by the 

kernel values on the axis of the cone

• The 𝑟 in the kernel of a specific cone, just indicates the

position of the voxel along the axis of the cone

• Therefore, the whole cone collapses onto its axis

• After that, the usual “convolution” occurs

ℎ 𝑟, 𝜗 = 𝜌 𝐴𝜃𝑒
−𝑎𝜗𝜌𝑟 + 𝐵𝜃𝑒

−𝑏𝜗𝜌𝑟 /𝑟2



Collapsed cone convolution

• Advantages:

• Faster calculation that still uses a model of 

photon interactions

• The model still describes beam off-central axis

information because of parameterization vs. 𝜗

• Disadvantages:

• Within each cone, off-central cone axis info is lost

(collapsed cone)

• But for low 𝑟, the cone is mostly covered by one voxel. For large 𝑟, dose errors 

can be an issue (dose overestimation), but there the dose is very low



• Consider the case of an infinitesimal pencil beam on a water target

• Assume that instead of the TERMA we

directly precalculate the dose

• The reference for the whole PB dose is

the central beam axis

(this is the main assumption that 

leads to inaccuracies)

The Pencil Beam Algorithm (PB)

Dose distribution k



The Pencil Beam Algorithm (PB)

• A bit more realistic:

• An extended beam is decomposed to many PBs



• A bit more realistic:

• An extended beam is decomposed to many PBs

• The dose contribution in point P

The Pencil Beam Algorithm (PB)
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• A bit more realistic:

• An extended beam is decomposed to many PBs

• The dose contribution in point P 

• If each PB has a different intensity/fluence

• Then the dose in position P is:

• Similarly to:

The Pencil Beam Algorithm (PB)
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• Assuming that the PBs are symmetric in x, y

(plane perpendicular to the beam direction)

The Pencil Beam Algorithm (PB)
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• Assuming that the PBs are symmetric in x, y

(plane perpendicular to the beam direction)

The Pencil Beam Algorithm (PB)
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• Description of the dose kernel k:

• The dose kernel is precalculated with MC

and consists of dose in water 

from PBs of different E 

(basic input data to the TPS)

• Based on those data, the TPS splits the

dose kernel into two terms:

a central-axis term C and 

an off-axis term O, so that:

The Pencil Beam Algorithm (PB)

Dose distribution k



• Description of the dose kernel k:

• The dose kernel is precalculated with MC

and consists of dose in water 

from PBs of different E 

(basic input data to the TPS)

• Based on those data, the TPS splits the

dose kernel into two terms:

a central-axis term C and 

an off-axis term O, so that:

The Pencil Beam Algorithm (PB)

Dose distribution k
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• What happens in presence of heterogeneities?

• Tabulate the dose kernel k(r,z) in water

(as for the homogeneous case)

• using CT data, apply a correction factor A(zrad) (1D)

The Pencil Beam Algorithm (PB)

),,()(),,( zyxkzAzyxk rad



• What happens in presence of heterogeneities? 

• Tabulate the dose kernel k(r,z) in water

(as for the homogeneous case)

• using CT data, apply a correction factor A(zrad) (1D)

• or A(x,y,zrad) (3D)

The Pencil Beam Algorithm (PB)
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• What happens in presence of heterogeneities?

• PB algorithm, in its simplest form, cannot account

for off-center beam axis heterogeneities

• The algorithm will consider that the whole PB

kernel should be of the material intersected by the 

central beam axis

• This is the price to pay for this extremely 

fast dose calculation algorithm

• Modern-day remedies: PB splitting

The Pencil Beam Algorithm (PB)



The Pencil Beam Algorithm (PB)

• A summarizing sketch of the PB algorithm:



Photon dose calculation algorithms

• A summarizing sketch for the two algorithms:

•



Summer semester seminar on Geant4 MC
(Seminar and hands-on training on Monte Carlo applications for Medical Physics, 

Dr. Dedes, Dr. Pinto)

Thursdays, 12:00 – 14:00, in CIP 2



• Exams:

• Tuesday 27th of February, 10 am to 1 pm

• Bring scientific calculator


