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Objectives

• Define Uncertainties

• Explore where uncertainties can arise in radiotherapy

• Discuss the link between uncertainties and accuracy required

• Consider which uncertainties can be managed by physicists

• Explore the relation between uncertainties and risk 

• Establish a link to risk management (and FMEA)



Uncertainties and errors

• Not the same

• Errors are known and should be corrected for

• Uncertainties provide a range of estimation how wrong one can be

• This is most useful in the context of measurable quantities
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Two types of uncertainty

Type A

• based on the statistical analysis 
of a series of measurements (for 
example, statistical data 
obtained from quality control 
results). 

• Repeated measurements reduce 
the uncertainty

Type B

• obtained by non-statistical 
procedures and may include: 
Information associated with an 
authoritative published 
numerical quantity.

• Generally requires an expert 
who is very familiar with the 
objective of the measurement 
and the method
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• Repeated measurements reduce 
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Type B

• obtained by non-statistical 
procedures and may include: 
Information associated with an 
authoritative published 
numerical quantity.

• Generally requires an expert 
who is very familiar with the 
objective of the measurement 
and the method

Who but the 
medical physicist?



Random uncertainties (Type A)

• Normal distribution

• Characterised by mean and 
standard deviation

• Generally be assumed to be 
bidirectional

• When specifying uncertainty need 
to specify the confidence level
• K = 1 → 68% confidence

• K = 2 → 95% confidence



Random uncertainties (Type A)

• Normal distribution

• Characterised by mean and 
standard deviation

• Generally be assumed to be 
bidirectional

• When specifying uncertainty need 
to specify the confidence level
• K = 1 → 68% confidence

• K = 2 → 95% confidence

In medicine the most 
common – also matches the 

statistical uncertainty of 
clinical trials p < 0.05



Clinical evidence

“Significance”

• Clinical

• Statistical
• P < 0.05 means that there is a 95% 

chance that a new treatment is 
actually better than the old

• The degree of ‘evidence’ typically 
required by journal editors, 
governments and insurance 
companies

95% chance that we a right
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• Clinical

• Statistical
• P < 0.05 means that there is a 95% 

chance that a new treatment is 
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• The degree of ‘evidence’ typically 
required by journal editors, 
governments and insurance 
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• What if we run the same trial 20 
times?
• Assume the new is not better

• One of the trials is likely to show 
that it is better

• Is this the trial that will be 
published?
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significantly linked to toxicity
• Confidence level needs to be 

adjusted



Clinical evidence

“Significance”

• Clinical

• Statistical
• P < 0.05 means that there is a 95% 

chance that a new treatment is 
actually better than the old

• The degree of ‘evidence’ typically 
required by journal editors, 
governments and insurance 
companies

• What happens if we ask more 
than one question?
• Eg: What determines toxicity?

• Mean dose, maximum dose, 90% 
volume dose,…

• Minimum dose, average dose to 
organ 20Gy, …

• Each has a 5% chance of randomly 
being shown statistically 
significantly linked to toxicity
• Confidence level needs to be 

adjusted

Note aside:
Society accepts different levels of confidence:

Nuclear power plant incident k > 10 
New particle found? Need at least 10^5 

probability that the finding is correct (error 
probability < 0.00001)



Accuracy and precision

• Series 1 has high precision 
(reproducibility)

• Series 2 has better 
accuracy (and if we were to 
repeat the measurement 
many many times the 
average will be close to the 
truth)



Multiple uncertainties

Independent

• “orthogonal”

• Changing one does not affect 
the other

Dependent

• More difficult

• Need quantitative measure of 
correlation



Operating with independent uncertainties

Addition

• Quantity 1 + Quantity 2

• Add the absolute uncertainties

Multiplication

• Quantity 1 x Quantity 2 

• Add relative uncertainties



Operating with independent uncertainties

Addition

• Quantity 1 + Quantity 2

• Add the absolute uncertainties

Multiplication

• Quantity 1 x Quantity 2 

• Add relative uncertainties

• This is a rule of thumb
• Make sure you use the same confidence level 

(usually 2SD)
• It makes sense to quantify uncertainties and 

address the biggest one first



Sensitivity analysis

• If it all gets to difficult 
• Many uncertainties 

• Not always quantifiable

• Combine in different ways

• Depend on each other (possibly)

• Some of them may not be known

• Vary each input (one at a time) 
and see how much the output 
changes

The measurement

The all 
important 
outcome

Input 1

Input 7

Input 4

Input 2

Input 6

In-
put 3

Input 5



Uncertainties in life

• Measurement often difficult

• Mathematics often fails us

• Typically uncertainties are judged smaller when we can control them

• Unknown uncertainties that cannot be influenced (eg allow to 
discharge radioactive water from Fukushima) are often seen as 
catastrophic



Uncertainties in 
Radiotherapy
• Typically considered more dangerous 

than medical imaging
• More physicists employed in RT

• Considering stochastic effects and the 
overall dose to population, this is not 
necessarily correct in particular as 
medical exposures (excluding RT) 
contribute up to 50% to population 
dose



Uncertainties specifically in radiotherapy

• Different ways to manage them 1. Look at different domains 
separately

2. Follow patient pathway/ 
Develop a process map

3. Risk management



1. Domains of uncertainty in radiotherapy

• Dose

• Location/Volume

• Time

• Effect of interest

Independent of each other



Dose starts with traceability

• Units mean the same 
all over the world

• 1Gy in NY = 1Gy in 
Trieste = 1Gy in 
Melbourne
• Under reference 

conditions
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Radiation Dose

• Absorbed dose: 1Gy = 1J/kg

• Biologically effective dose

• Equivalent dose

• Effective dose: 1Sv = 1J/kg x radiation 
and tissue weighting factor

• Biological dose

Breakfast cereal: 
1000kJ/kg

Carbon radiotherapy



Radiation Dose

• Absorbed dose: 1Gy = 1J/kg

• Biologically effective dose

• Equivalent dose

• Effective dose: 1Sv = 1J/kg x radiation 
and tissue weighting factor

• Biological dose

Breakfast cereal: 
1000kJ/kg

Carbon radiotherapy

Depends on dose effects
• Stochastic 
• Deterministic



What dose distribution 
in space and time?

Mass m (arbitrary units)

Micro-dosimetry

10um



What dose distribution 
in space and time?

Mass m (arbitrary units)

Micro-dosimetry

10um

About 50 interactions per cell



Dimensions can be 
“traded”

• There is a compromise between 
spatial resolution, sensitivity and 
precision

• Depends on measurement purpose 
and location

• Time can reduce uncertainty 
through repeat measurements

• Time adds cost and reduces patient 
comfort

• Reduced comfort increases motion



• There is a compromise between 
spatial resolution, sensitivity and 
precision

• Depends on measurement purpose 
and location

• Time can reduce uncertainty 
through repeat measurements

• Time adds cost and reduces patient 
comfort

• Reduced comfort increases motion

Decisions to be made 
by the multidisciplinary 
team

Dimensions can be 
“traded”



Dose starts with traceability

• Units mean the same 
all over the world

• 1Gy in NY = 1Gy in 
Trieste = 1Gy in 
Melbourne
• Under reference 

conditions

• For a VMAT lung SBRT 
treatment (?)



2. Uncertainties in the External Beam Radiotherapy Patient Pathway

What concerns the medical physicist

Immobilization devices, fiducial markers, motion 
management 

Optical guidanceCBCT

CT PET CTMRI

Assessment, 4DCT, imaging, regularity

Clinical evaluation 

Therapeutic decision

Patient set-up/immobilisation

Imaging for planning

Treatment planning

Simulation, mock session

Treatment

Monitoring during treatment

Follow up

Adaptation

Image guidance

Plan selection/QA

Motion management

Typical patient pathway

4D CBCT kV on line imaging CINE EPI

kV planar imaging USEPICBCT MRI

Strategies, Re-imaging as required, QA



Uncertainties in the Brachytherapy Patient Pathway

Clinical evaluation 

Therapeutic decision

Anatomy assessment (eg prostate)

Imaging for planning

Treatment planning

Treatment

Monitoring during treatment

Follow up

Adaptation

Plan selection

Implant under image guidance

Typical patient pathway What concerns the medical physicist?



Process maps for each step of patient journey 
Here IMRT following AAPM TG 100

From AAPM TG100



3. Risk management

• ISO 31000 group of standards

• Unified approach to principles and generic guidelines on risk 
management

• Risk defined as: “Effect of uncertainty on objectives”

• Uncertainty can in principle have positive and negative effects 
on the objectives

• Compare genetic mutations…



Two ‘broad’ approaches

• Retrospective:
• Root Cause Analysis

• Based on what has 
gone wrong in the past

• Requires past incidents

• Typically based on 
incident reporting

• Prospective
• Failure Mode and Effect Analysis 

(FMEA)

• Based on understanding and 
analysis of the process 
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Introduction of an electronic 
reporting system



Findings

Introduction of an electronic 
reporting system

Severity of the incident Near miss

>5% dose



Which treatments are 
affected (by the largest 
uncertainty)?



In brief: 
Complexity does not increase error rate
Computers generally increase safety
Error type changes: random → systematic



Prospective Risk management: Failure Mode 
and Effect Analysis

• Requires a process map

• IMRT example from AAPM 
TG100



Prospective Risk management: Failure Mode 
and Effect Analysis

• Requires a process map

• IMRT example from AAPM 
TG100

Each step decide what 
failure modes exist, how 
likely they are and how 

significant their impact is



• Likelihood that something goes wrong, O

• Severity of the consequences, S

• Ease and feasibility of checking, D

severity

likelihood

How can we rationally decide on how much QC is 
required?

Risk Priority Number = O x S x D



Guidance by TG100



Guidance by TG100
Who but the medical 
physicist can determine 
what D is?



Uncertainties in 
Radiotherapy
• Accuracy requirements determine the 

allowable uncertainty



How accurate can we want to be?

• How accurate can we be in dose and location (and time)?

• What is the purpose of the measurement?

• What dose makes a difference
• For cancer cure?
• For normal tissue toxicity?
• For achieving the imaging purpose?
• For cancer induction?
• For regulatory purposes?
• For clinical research?

• How much can it cost?



What accuracy is required in treatment planning?



What are we 
expected to 
achieve?

Van Dyk 1999



Optimisation 
problem

Accuracy increases with effort



Optimisation 
problem

Where does a 
physicist want to be?

Where does a 
clinician want to be?

Where does an 
administrator want to be?



Optimisation 
problem

Where does a 
physicist want to be?

Where does a 
clinician want to be?

Where does an 
administrator want to be?

Are there differences between dose 
and outcome? Systematic 

uncertainties, bias, ….



Does dose make a difference?

• QUANTEC



Measurements: how accurate can they be?
Assume homogenous medium, dose to water, radiotherapy dose level (2 Gy), k=1

Radiation effect Dosimetric method Reproducibility (%) Accuracy (%)

Ionization in gases Ionization chamber 0.2 1

Ionization in liquids Liquid filled ionization chamber 0.3

Ionization in solids Semiconductors 

Diamond detectors
0.5
0.3

Luminescence Thermoluminescence dosimetry 
OSL

1
0.8

Fluorescence Scintillators 0.8

Chemical transitions Radiochromic film 

Chemical dosimetry

NMR/gel dosimetry

5
2
5

2

Heat Calorimetry 0.5

Biological effects Erythema

Chromosome damage
20
20



Measurements: how accurate can they be?
Assume inhomogenous medium, dose to medium, complex dose distribution with 
VMAT FFF beam and radiotherapy dose level (20 Gy), k=2

Radiation effect Dosimetric method Reproducibility (%) Accuracy (%)

Ionization in gases Ionization chamber 5 ???

Ionization in liquids Liquid filled ionization chamber

Ionization in solids Semiconductors 

Diamond detectors
5
5

Luminescence Thermoluminescence dosimetry 
OSL

5

Fluorescence Scintillators

Chemical transitions Radiochromic film 

Chemical dosimetry

NMR/gel dosimetry

8
???

Heat Calorimetry

Biological effects Erythema

Chromosome damage
20
20



Need to adjust actions based on measurement 
to the outcome

• How much uncertainty 
do we have

• Our QA criteria (gamma 
index) change:
• VMAT/IMRT: 2mm/3%, 

90%, threshold 10%

• SABR/SRS: 1mm/5%, 
90%, threshold 10%

• Variation depending on 
modulation, IGRT and 
clinical need



Why don’t we want to be perfect?

• Type B uncertainties are 
difficult to overcome and lead 
to systematic errors

• The effort/resources increase 
dramatically

• Other uncertainties dominate 
the outcome



Summary

• Everything is affected by uncertainty

• Measurements should have a quantifiable uncertainty

• Uncertainties come in two flavours: Type A and Type B

• Medical physicists are required to understand all aspects of patient 
treatment to appreciate where efforts are best directed to

• It has implications for patient care, access to treatment, workload and 
clinical research


