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• Dose escalation improves treatment outcome
• Increased MLD increases complications 

� decrease irradiated volume

Introduction

Dose response Complication rate
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• Image distortions increases error margins
• Tumor shape can be distorted
• Tumor position is arbitrary

Introduction

} systematic setup
error
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Slice = snapshot !

Free-breathing (conventional)
Single slice

Free-breathing (conventional)
Multi-slice CT

Scan = snapshot !



Selected data gathered, Raw CT with 

4D Respiration Correlated CT scan 
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Selected data gathered, 
yielding a single phase CTRaw CT

Raw CT with 
respiration signal

S
el

ec
tio

n



4D Respiration Correlated CT scan 

Coronal view Sagital view
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What should we do with 

4D scans in treatment planning?



Planning target concepts
Convention

Free-breathing
CT scan

Time-
averaged
mean

Internal
Target

Volume

Gating 
@ exhale

Mid-
Ventilation

8GTV/ITV CTV PTV

mean
position

Motion

Geometric -
averaged
mean position



Tumor motion determination

Matched on 

Tumor match based on 
Correlation Ratio grey 
value difference
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Not matched
Matched on 
tumor region
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Maximum inspiration
(Left; Caudal; Anterior)

Maximum expiration
(Right; Cranio; Posterior)



Conventional free-breathing

• Slices / scans are snapshots

Baseline variation = 
variation in the mean (time-weighted)
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Red contour is
tumor in the
mean position

�  
Respiratory motion
Baseline variation
Setup

SD(TM)    SD(TM)

+                +

+                +

variation in the mean (time-weighted)
tumor position

7.05.2 +S=PTVm Van Herk, IJROBP 2000



Internal Target Volume

• Often performed by MIP of all 
frames

• Covering the whole motion
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Red contour is
tumor in the
mean position

�  
Respiratory motion
Baseline variation
Setup

- -

+                +

+                +

7.05.2 +S=PTVm Van Herk, IJROBP 2000



Gating

• Gating in exhale
• Window 30% of the breathing 

cycle
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• No ITV for the residual motion

Red contour is
tumor in the
mean position

�  
Respiratory motion
Baseline variation
Setup

SD(R_TM) SD(R_TM)

+                +

+                +

7.05.2 +S=PTVm Van Herk, IJROBP 2000



Mid-ventilation
Selection of a single appropriate CT scan

TM

Maximum 
expiration
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Tumor trajectory

0%

TM

Maximum
inspiration



Mid-ventilation
Selection of a single appropriate CT scan

TM

t%Midv-inhale

eh
t%

eh

Maximum 
expiration

TM

t%Midv-inhale eh t%
midv-exhale

eh

Maximum 
expiration • Theoretical background:

• Engelsman, Rad&Oncol vol 60, 2001

• Witte, Med Phys vol 31, 2004

• Wolthaus, IJROBP vol 65, 2006
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0%

h
t%

midv-exhale

Tumor trajectory

0%

Maximum
inspiration

0%

h t%
midv-exhale

eh

Tumor trajectory

0%

Maximum
inspiration

• Wolthaus, IJROBP vol 65, 2006

• No systematic error due to 
respiration induced image 
artefacts

• Shallow penumbra in lung



Mid-ventilation example
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�  
Respiratory motion
Baseline variation
Setup

H           SD(TM)

+                +

+                +

7.05.2 +S=PTVm Van Herk, IJROBP 2000



Margin recipe example

7.05.2 +S=PTVm

•Van Herk, Remeijer et al. (IJROBP 2000)
• Based on statistics

Cranio-caudal only
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�  (mm) � (mm) �  (mm) � (mm) �  (mm) � (mm) �  (mm)

Respiration (App = 15 mm)
  Periodic motion (1/3A) 5.0 5.0 7.5 0.8 0.8
  Baseline variation 2.8 3.2 2.8 3.2 2.8 3.2

Set-up 2 4 2 4 2 4

Total 6.1 7.2 3.4 5.1 3.5 5.2

Margin

Mid-ventilation

20.2 19.7 12.5

Conventional ITV Gating @ exhale



Patients

• 45 patients

LR CC AP LR CC
Respiratory motion (mm) . . . . .
Baseline variation (mm) 1.5 2.8 2.1 1.4 3.2
Setup (mm) 1.8 2 1.7 3.1 4

Systematic Random
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• 45 patients
• All tumors are considered to be spherical

V_GTV Estimated
(cc) diameter (mm) LR CC

Mean 40.09 36.57 1.93 7.24
St. Dev. 47.46 15.47 1.33 5.48

Tumor motion (mm)



ITV Gating @ exhale Mid-ventilation

Margin reduction

Relative margin change (%)
with respect to conventional free-breathing method 
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LR CC AP LR CC AP LR

Mean 6.4 2.3 6.3 -3.8 -17.6 -6.8 -2.2
St. Dev. 2.4 7.4 3.4 4.3 16.8 8.8 3.9

ITV Gating @ exhale Mid-ventilation



Volume reduction

Relative volume change (%)
with respect to conventional free-breathing method 
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ITV Gating @ exhale Mid-ventilation

Mean 5.5 -12.7 -8.9
St. Dev. 4.5 10.8 8.6



Advanced mid-ventilation
• Local motion assessment of the 

full 4D CT scan using grey-value 
data

• Reconstruct a mid-position CT 
scan instead of a mid-ventilation 
scan

4D 
Motion 

field

Estimate 
motion

4D CT

Mid Position CT
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scan
• Compute the ‘real’ dose to the 

tumor

4D Dose
4D Dose 

to Mid pos

Accumulated 
dose 

to Mid pos

Mid Position CT

Beams, 
MidV-dose-
plan, etc.

TPS



Advanced mid-ventilation

4D original 4D warp to phase MidV
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Advanced mid-ventilation

4D original
Averaged 4D warp 

to phase MidV
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Conclusions

• Conventional free-breathing treatment planning 
really really is sub-optimal!
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• The Internal Target Volume method 
• Covers the whole tumor motion
• Irradiates a very large volume (larger than conventional)
• Probably a larger volume than necessary
• Not suitable for dose-escalation strategies



Conclusions

• Exhale gated treatment planning
• Smallest volume to irradiate
• but due to the lack of internal information on which to 

gate the (present) errors are currently underestimated 
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• Note that no ITV is used for the residual motion

• Preparation and verification of gating treatment can be 
complex



Conclusions

• Mid-ventilation CT method
• A very simple method with almost the same volumes 

as gated radiotherapy for tumor motion < 2 cm 
(95% of the patients) 
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• Easy to implement

• No complex treatment planning

• Suitable for dose escalation
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