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Outcome of Uncertainty to Physicists
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Numerous Uncertainty Sources

Me at the 1st Happy (?) Birthday



Source-based Categorization

Table in pathwayMechanical
Motion

SOU NOU

Setup
Finite grid size
Delineation
Registration
.
.
.

Output
Algorithm
MLC leakage
Small field
.
.
.

Cwistraining.org



Representing Uncertainty

SOUNOU

Dose Length

Clinical Outcome
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Kim et al. 2004

Jin et al. 2005

A Simple Dose Uncertainty Model
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1-D Simulation (A Open Field)

- NOU
ns=1% at Dmax 

- SOU
x=1 mm  σs =(dD/dx)∆x

- Gaussian distribution

±3σ bound

randomly generated 20 dose 
distributions and 2 uncertainty 
bounds (±2σ and ±3σ)



Uncertainty Compensation in IMRT QA using Dose Gradient

Moran et al. 2005
Gi = Generalized gradient at grid point, i

Δdij = Dose difference between i and each nearest neighbors, j
Δxij = Distance between i and j

2 mm intentional shift 1 mm G compensation 2 mm G compensation

An example: open field (normalized to 100 cGy)



Inherent Uncertainty – Dose Grid Size Effect

Chung et al. 2006

Grid Origin Shift
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Convolution Method

Expected Dose = Dose    Spatial Probability Density Function

Leong 1987



Application of Convolution Method - Margin Determination

Bell et al. 1996

Stroom et al. 1999

van Herk et al. 2000



Geometric Errors

Random errors (treatment execution errors)
= day-to-day variations
= lead to a blurring of dose distribution
= denoted with σ

Systematic errors (preparation errors)
= systematic for a single radiotherapy course 
of a single patient, but stochastic over a group 
of patients (i.e., for a patient population)
= lead to a displacement of the dose 
distribution with respect to the target (CTV)
= denoted with Σ

Gaussian

For many fractions

For many patients



Margin for Random Errors

Bell et al. 1996

Target

95% dose level

Static D

Convolved D

Margin needed



Margin vs. Random Error (Gaussian SD)

4-field

x

z
y

Margin ≈ 0.7 σ



Margin for Systematic Errors

Margin needed
Stroom et al. 1999

Convolved CTV PDF
Static CTV PDF

95% dose level

Coverage Probability (CP)
– probability for each point to be covered (occupied)  by the CTV



DPHs for Various Gaussian Systematic Errors
DPH = Dose Probability Histogram

To ensure 
95% dose to 99% CTV

Margin ≈ 
2 ∑ + 0.7 σ

Margin ≈ 
2 ∑



Dose-Population Histogram (point CTV)

Point CTV PDF 

50%

95%

van Herk et al. 2000



(Minimum) Dose-Population Histogram
Dmin

To ensure a minimum dose of 95% 
to the CTV for 90% of patients,

Margin ≈ 2.5 ∑ + 1.64 (σ – σp)
(σ2 = σm

2 + σs
2 + σp

2)

If, σp = 3.2 mm 
and, 0 ≤ σ ≤ 5 mm

Margin ≈ 2.5 ∑ + 0.7 σ’
(σ’2 = σm

2 + σs
2)



Conventional Conformal vs. IMRT

Dose Uncertainty at each point?



Uncertainty Propagation

Colinfahey.com



1-D Example - planning

Low Gradient
High Dose

High Gradient



1-D Example - measurement



1-D Example : 2 Adjacent Fields



1-D : 2 Adjacent Fields Simulation

-2 bound (95.44%): 1 out of 20 random offsets is out of the bound.
-3 bound (99.74%): contains all the random offsets.

+



Dose Accumulation History



1-D IMRT Simulation

3-Segmented IMRT Field (case 3)

Beam set 2
Same beam width

Different beam fluence

Beam set 1
Different beam width

Same beam fluence



Results (1-D: 3 IMRT Beam Fields)

Beam set 1
Different beam widths

Same beam fluences

Beam set 2
Same beam widths

Different beam fluences



Patient Specific QA: Axial Planes



3-D Phantom Study

-H&N IMRT case
-5 Angles (Pinnacle)
-Radichromic Film



3-D Phantom Study

ADAC (Pinnacle) Dose Calculation
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3-D dose uncertainty (UD) map (1)
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Prediction of Streaks

Dose uncertainty
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Dose difference

20 40 60 80 100 120 140

20

40

60

80

100

120

0

5

10

15

20

25

30



Imaging Planning Delivery

Conventional 
paradigm

Proposed 
paradigm

Causes of 
error

Causes of 
errorUncertainty model

(Risk assessment)

Error prediction

Confidence-Based Planning

+

Uncertainty included isodose line

=



A Long Journey



CW-DVH
Confidence-weighted dose volume histogram 

CWDD
Confidence-weighted dose distribution 

DUVH
Dose uncertainty volume histogram

Confidence-Based
Planning Evaluation Tools



Dose Uncertainty Volume Histogram (DUVH)

Plan 1

Plan 2

Uncertainty 
profile DUVH 



Confidence-weighted dose distribution (CWDD)

Calculated 
dose 

distribution

Uncertainty 
distribution+ Isodose lines

[Upper bound]

Isodose lines

Lower bound

Upper bound

Uncertainty 
distribution

Isodose lines
[Lower bound]-



Confidence-weighted dose volume histogram (CW-DVH)

Upper
bound

Lower
bound

95%



Clinical study: 8 prostate cases

Patient Dose (cGy) Total MU
/ fraction

# of
Fraction

# of
Fields

# of
sub-fields

P1 7560 372 42 5 30
P2 7560 313 42 5 25
P3 7560 351 42 7 59
P4 7560 314 42 7 54
P5 7800 725 39 7 46
P6 7800 638 39 7 60
P7 7800 389 39 5 29
P8 7800 348 39 5 40

Plan objectives
Dose of 95% of PTV volume ≥ 100% of prescribed dose
Dose of 99% of PTV volume ≥ 93% of prescribed dose
PTV = CTV + 5 mm in all directions



Clinical scenarios

Scenario 1
Machine related errors only

Scenario 2
Machine + Intrafractional errors

Scenario 3
Machine + Interfractional errors 

Scenario 4
Machine + Intra/Inter-fractional errors

In addition to Inherent Uncertainty of RTP,

Li et al, IJROBP (71), 801-812, 2008;
(based on Calypso)

Guckenburger et al, IJROBP (65), 934-942, 2006; 
(based on cone-beam CT)

Based on in-house QA data



DUVH (P2; 95% confidence level)

CTV Rectum



CW-DVH (P4; 95% confidence level)

CTV

Rectum



CW-D index (CTV D95 – Lower Bound)

Patient
Plan S1 S2 S3 S4

D95 (CTV) CW-D95 (CTV)

P1 7644 
(101.1%) 7424 (98.2%) 7415 (98.1%) 7414 (98.1%) 7413 (98.0%)

P2 7719 
(102.1%)

7600 
(100.5%)

7598 
(100.5%)

7595 
(100.5%)

7591 
(100.4%)

P3 7638 
(101.0%) 7475 (98.9%) 7475 (98.9%) 7480 (98.9%) 7482 (99.0%)

P4 7692 
(101.7%) 7510 (99.3%) 7514 (99.4%) 7558 

(100.0%)
7564 
(100.1%)

P5 8004 
(102.6%) 7395 (94.8%) 7381 (94.6%) 7313 (93.8%) 7312 (93.7%)

P6 7992 
(102.5%) 7461 (95.7%) 7461 (95.7%) 7445 (95.5%) 7452 (95.5%)

P7 8004 
(102.6%) 7757 (99.4%) 7753 (99.4%) 7766 (99.6%) 7767 (99.6%)

P8 7980 
(102.3%) 7776 (99.7%) 7775 (99.7%) 7780 (99.7%) 7780 (99.7%)



CWDD

P5

P8

S1               S2                 S3                 S4



α-DVH

Henriquez and Castrillon 2010





Dose-expected Volume Histogram (DeVH)

Henriquez and Castrillon 2008



α-DVH

90% certain voxel10% certain voxel

p = 0.9 p = 0.1

Dose

> 10%
< 10%

α = 0.9

Take “1- α” certainty as the threshold

α = 0.1



α-DVH
Includes down to 10% certain voxels

Includes more than 90% 
certain voxels only

Prerequisite – Known Dose Uncertainty PDF 



Dose-Volume Population Histogram (DVPH)

Nguyen et al. 2009

V

D

Vc

Dc

With enough cases 
considering both 
systematic and random 
setup errors, a DVPH 
can be obtained. 

0.25 + 0.25 = 0.5

Simulate many cases with systematic error 



Target

OAR

CL-DVPH

Individual DVHs



Uncertainty in Bound Concept

Goitein 1985

For each plan,
3 calculations are suggested;

1 at the nominal condition and
2 extreme conditions in confidence level



Summary
Spatial uncertainty can be converted to dose 
uncertainty in reasonable accuracy.
The a priori dose uncertainty model is able to 
provide dose uncertainty map in 3-D space.
The clinical example demonstrated that the local 
dose uncertainty could be significantly different 
among the prostate IMRT plans although they 
met the same plan objectives, indicating the 
necessity of uncertainty evaluation.
The uncertainty-based plan-evaluation tools 
provide an intuitive and quantitative inspection of 
the potential risk of the plans. 
If dose uncertainties are explicitly incorporated 
in planning a priori, the potential risk existing in 
radiotherapy can be better managed.





Used Data


