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4DCT OUTLINE 

 Why is 4D CT necessary? 
 
 What is 4D CT ? 
 
  How do we characterize breathing ? 
 
  What do we do with 4D information ? 
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4th Dimension 
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4D CT imaging – Why? 

Due to patient motion, such as respiratory, cardiac, 
digestive, and muscular motion, 3D imaging often 

produces images with motion artifacts. 

Guang Li et al. 
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the phase difference is what leads 
to the hysteresis effect 

there are no general patterns of respiratory 
behavior that can be assumed for a particular 
patient prior to observation and treatment.  
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How to model this motion? 

Breath holding & Active breathing 
control (ABC), visual coaching 

Respiratory gating 

Passive Breathing tracking 



To perform any type of respiratory gating, it is 
obvious a device to monitor breathing is required 

Philips bellows 

Varian RPM.™ 

X. Li et al. 

Sentinel 

Vision RT 

Pallotta et al. 
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If a surrogate structure, such as the chest wall or diaphragm, is used to 

signal tumor position for the purpose of beam gating or tracking, without observing the tumor 

directly during treatment, there will be uncertainties in the 

displacement and phase relationship between the surrogate and the tumor or other anatomy. 

multiple driving forces in complex 
oscillatory mechanical system 

These will be especially significant in the 
lung, where the mechanical coupling 
between the tumor and the surrogate 
structure is often weak, resulting in 
complex relationships between the two, 
and the breathing forces from the chest 
and/or the diaphragm 
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4D-CT Imaging Process 

Prospective techniques 

Retrospective methods 

low pitch helical 

gated radiation therapy 

full exhale and full inhale. 

Breathing hold (DIBH) 

cine axial 

Two binning algorithms 

common linear phase method which is time 
based on the percentage of the breathing cycle 

algorithm which uses the waveform amplitude 
as a basis for binning images 



is used to acquire a single phase of the 
breathing Cycle (a threshold can be set beyond 
the normal breathing range and allow the 
system to trigger on a large inhale or exhale 

axial  

spiral 
targeted breathold scanning protocol. In this 
procedure, the goal is to perform a rapid scan 
when the patient has reached a pre-determined 
respiratory threshold and maintains that level 
throughout the scan. 
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each voxel must remains illuminated by the CT X-rays for the entire breathing cycle 

trot is the gantry rotation time  

f is the patient’s respiratory frequency (in breaths per minute)  

FOV is the size of the reconstructed field of view (in mm)  

R is the distance from the focus to the CT isocenter  
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Retrospective methods low pitch helical 



maximum scan time of 120 s  for Brillance Big Bore 

N × T is the detector collimation (in mm)  
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Two binning algorithms 

Phase 

Amplitude 

It is important to differentiate data collected 
during inhale vs. exhale. 
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Phase Amplitude 
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Conclusions: Overall, the amplitude-binning algorithm 
for 4DCT reconstruction reduced the severity of tumor 
distortion and image artifacts compared to the phase-
binning algorithm. However, the full range of motion 
may not be characterized using amplitude-binning 
algorithms. Despite superior performance, amplitude 
binning can still be susceptible to motion artifacts 
caused by large variations in amplitude of respiratory 
waves. 
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Breathing statistics 

useful to identify and classify the irregularities in the breathing waveform 
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Breathing statistics 









ACTIVE BREATHING CONTROL 

To reduce variability of respiratory 
movements  

during the radiotherapy treatment 

Training 
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Training results 

A significantly higher proportion of patients in the training 
group had an acceptable amplitude variance (Fisher test 
p=0.03). 
 

Poster #M4  : Breath training in lung SABR 

2 groups:  Control group: 50 patients 
 Training group: 40 patients 



MIP       (Maximum Intensity Projection) 
MinIP (Minimum Intensity Projection) 
AVG      (AverageProjection) 

MIP AVG 
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What do we do with 4D information ? 





MIP (GTV) 

- Conventional 
- ITV 
- Mid-Position 
- Gating (max inhale) 

(PTV) 
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Multimodal imaging platforms 
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(ITV) DIR 

UNIVERSITA’ DEGLI STUDI DI TORINO 





4DCT is an essential tool, but…. 
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Changes in respiratory patterns between simulation 
and treatment 

Tumor deformation from cycle to cycle and day to day 

Relationship between respiration signals and tumor motion 
and changes in this relationship throughout a course of 
radiotherapy   

Effects of cardiac and gastrointestinal motion on thoracic 
radiotherapy   

Uncertainties!!! 
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Methods, such as audiovisual feedback, that can improve 
respiration reproducibility throughout the course of 
radiotherapy 

Relationships between normal tissue and tumor 
motion, particularly for normal tissue that is dose 
limiting and/or from which a useful motion signal (for 
imaging and treatment) can be obtained 

Take home 



when CBCT is applied to thorax or upper abdomen regions, the image 
quality can be heavily degraded due to patient respiratory motion 

Introduction to 4D-CBCT 

Courtesy of Sonke JJ 



To overcome this problem, four-dimensional CBCT (4D-CBCT), or 
respiratory correlated CBCT has been developed to provide respiratory 
phase-resolved volumetric images for IGRT 

J. J. Sonke, L. Zijp, P. Remeijer, et al., "Respiratory correlated 
cone beam CT," Medical Physics 32, 1176-1186 (2005) 
 
 
S. Kriminski, M. Mitschke, S. Sorensen, et al., "Respiratory 
correlated cone-beam computed tomography on an 
isocentric C-arm," Physics in Medicine and Biology 50, 5263-
5280 (2005). 
 

 Li, L. Xing, P. Munro, et al., "Four-dimensional cone-beam 
computed tomography using an on-board imager," Medical 
Physics 33, 3825-3833 (2006). 
 
 L. Dietrich, S. Jetter, T. Tucking, et al., "Linac-integrated 4D 
cone beam CT: first experimental results," Physics in 
Medicine and Biology 51, 20 2939-2952 (2006). 
 
 J. Lu, T. M. Guerrero, P. Munro, et al., "Four-dimensional 
cone beam CT with adaptive gantry rotation and adaptive 
data sampling," Medical Physics 34, 3520-3529 (2007) 

Introduction to 4D-CBCT 





 

Ciclo 

respir. 

UNIVERSITA’ DEGLI STUDI DI TORINO 

4D-CBCT 



Ciclo 

respir. 

UNIVERSITA’ DEGLI STUDI DI TORINO 

4D-CBCT 



Ciclo 

respir. 
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4D-CBCT 





Tumor motion is very similar but occurs at very different places!!!  

Base line shift 









Lung SBRT :  
a flowchart for decision 

making from 4DCT to 4DCBCT 



Immobilization 

Training: 2/3 times 

CTsimulation 4D-CT 

AverageCT -> CTV -> “ITV” 

AmplitudeVariance  
< 0.22? 

10 CT -> ITV 

Margins: 3 mm 
isotropic 

Margins: 3 mm 
isotropic   

Yes No 

Contouring 



Immobilization 

Vacuum immobilisation reduces tumour excursion and minimizes intrafraction error in a cohort 
study of stereotactic ablative body radiotherapy for pulmonary metastases (Shankar Siva et al 
2014) 



Immobilization 

Training: 2/3 times 

CTsimulation 4D-CT 

AverageCT -> CTV -> “ITV” 

AmplitudeVariance  
< 0.22? 

10 CT -> ITV 

Margins: 3 mm 
isotropic 

Margins: 3 mm 
isotropic   

Yes No 

Contouring 



ACTIVE BREATHING CONTROL 

To reduce variability of respiratory 
movements  

during the radiotherapy treatment 

Training 



Immobilization 

Training: 2/3 times 

CTsimulation 4D-CT 

AverageCT -> CTV -> “ITV” 

AmplitudeVariance  
< 0.22? 

10 CT -> ITV 

Margins: 3 mm 
isotropic 

Margins: 3 mm 
isotropic   

Yes No 

Contouring 



CT-Simulation 4D-CT 

- Phase binning: 
10 series of images corresponding to 10 phases of respiratory cycle 

After an analysis of 
amplitude variance: 

 
We choose as suitable 
for an accurate 4D-CT 
the threshold value of 

20% (±10%) 



Immobilization 

Training: 2/3 times 

CTsimulation 4D-CT 

AverageCT -> CTV -> “ITV” 

AmplitudeVariance  
< 0.22? 

10 CT -> ITV 

Margins: 3 mm 
isotropic 

Margins: 3 mm 
isotropic   

Yes No 

Contouring 



AV < 0.22 



Reference CT (e.g. 0%) 

ITV delineation on the 
Average CT: 

Via Deformable  
Image Registration 

(VelocityAI) 

10% 

20% 

30% 

..... 



Immobilization 

Training: 2/3 times 

CTsimulation 4D-CT 

AverageCT -> CTV -> “ITV” 

AmplitudeVariance  
< 0.22? 

10 CT -> ITV 

Margins: 3 mm 
isotropic 

Margins: 3 mm 
isotropic   

Yes No 

Contouring 



Margins 

Localization accuracy was quantified by the residual 
tumor misalignment measured in the second 4D-CBCT 
scan acquired for validation and expressed in terms of 
systematic (Σ), and random (σ) errors. 
 
 
 
For dose prescription at 80% instead of 95%, for a lung target(σp = 0.64): 
 



Margins 

We choose: 
3 mm isotropic (from ITV) 

We calculated: 
LL: 1.6 mm 
AP: 1.9 mm 
CC: 2.4 mm 



AV > 0.22 

AV < 0.22 



Contouring: ‘statistic ITV’ 
• Contour of CTV on the Average CT obtained from the 4D-

CT scan. 

• Obtain a ‘statistic ITV’ (sITV) by adding margins related 
to the location of the tumor. We based the amplitude of 
these margins on a statistical analysis of the tumor 
motion. Then we used the mean value and 2  SD to 
define margins for each lobe and for each axis: 

 
 Inferior lobe(cm):  LL: 0.11  AP: 0.43   CC: 0.65 

Medium lobe(cm):  LL: 0.10   AP: 0.35    CC: 0.60 

Superior lobe(cm):   LL: 0.10   AP: 0.34    CC: 0.58 

 

• Then we add 3 mm isotropic (from sITV) to obtain PTV 



MLD eq2Gy < 17 Gy 

Planning: VMAT or 
Static fields? 

Prescription  (Isodose 
80%) based on patient 

anatomy 

MLD eq2Gy > 17 Gy 

QA 

Treatment after 
4D-CBCT IGRT 

Gamma Index (2% 
2 mm) > 90%? No 

Further 
investigation 

before treatment 

Yes 

MLD eq2Gy Ipsilateral lung  and 
other constraints (AAPM TG 101) 

Planning and 
Delivery 



Clinical routine: “risk-adapted” SBRT protocol 

• Peripheral lesions (T1a-T1b):  
 
- 45-54 Gy/ 3 fractions 
 
• Peripheral lesions, with extensive contact with  
  the chest wall, or larger tumors (T2a):  
 
- 55 Gy/ 5 fractions 
 
• Central lesions:  
 
- 60 Gy/ 8 fractions  
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Prescriptions 



MLD eq2Gy < 17 Gy 

Planning: VMAT or 
Static fields? 

Prescription  (Isodose 
80%) based on patient 

anatomy 

MLD eq2Gy > 17 Gy 

QA 

Treatment after 
4D-CBCT IGRT 

Gamma Index (2% 
2 mm) > 90%? No 

Further 
investigation 

before treatment 

Yes 

MLD eq2Gy Ipsilateral lung  and 
other constraints (AAPM TG 101) 

Planning and 
Delivery 



Step & Shoot or VMAT? 

Planning with:  
Elekta CMS  

Monaco v.3.2/3.3 
 

Grid calculation 2 mm, 
Montecarlo Variance 1.5% 



MLD eq2Gy < 17 Gy 

Planning: VMAT or 
Static fields? 

Prescription  (Isodose 
80%) based on patient 

anatomy 

MLD eq2Gy > 17 Gy 

QA 

Treatment after 
4D-CBCT IGRT 

Gamma Index (2% 
2 mm) > 90%? No 

Further 
investigation 

before treatment 

Yes 

MLD eq2Gy Ipsilateral lung  
and other constraints 

(AAPM TG 101) 

Planning and 
Delivery 



MLD2Gy Ipsilateral Lung 



MLD2Gy Ipsilateral Lung 



Constraints 



MLD eq2Gy < 17 Gy 

Planning: VMAT or 
Static fields? 

Prescription  (Isodose 
80%) based on patient 

anatomy 

MLD eq2Gy > 17 Gy 

QA 

Treatment after 
4D-CBCT IGRT 

Gamma Index (2% 
2 mm) > 90%? No 

Further 
investigation 

before treatment 

Yes 

MLD eq2Gy Ipsilateral lung  and 
other constraints (AAPM TG 101) 

Planning and 
Delivery 



MLD eq2Gy < 17 Gy 

Planning: VMAT or 
Static fields? 

Prescription  (Isodose 
80%) based on patient 

anatomy 

MLD eq2Gy > 17 Gy 

QA 

Treatment after 
4D-CBCT IGRT 

Gamma Index (2% 
2 mm) > 90%? No 

Further 
investigation 

before treatment 

Yes 

MLD eq2Gy Ipsilateral lung  and 
other constraints (AAPM TG 101) 

Planning and 
Delivery 



Patient Specific pre-treatment QA: 
Delta 4 

Acceptance level: 

• 1 step: 2mm/2% > 90%  

• 2 step 3mm/3% > 95% 

2mm/2% 

3mm/3% 



MLD eq2Gy < 17 Gy 

Planning: VMAT or 
Static fields? 

Prescription  (Isodose 
80%) based on patient 

anatomy 

MLD eq2Gy > 17 Gy 

QA 

Treatment after 
4D-CBCT IGRT 

Gamma Index (2% 
2 mm) > 90%? No 

Further 
investigation 

before treatment 

Yes 

MLD eq2Gy Ipsilateral lung  and 
other constraints (AAPM TG 101) 

Planning and 
Delivery 



4D –CBCT (XVI v 4.5)  
at Axesse®,Elekta  

Robotic Couch 6-D: Hexapod 



4D-CBCT: correction protocol 

First, the bony 
anatomy was rigidly 
registered using a 
user-defined 3D 

rectangular-shaped 
ROI.  

We correct set-up 
of the patient. 



4D-CBCT: correction protocol 

• Second, tumor motion 
analysis was performed 
using a local rigid 
registration , based on a 
3D-shaped ROI (PTV 
expanded by 1.5 cm) 
 

• This ROI was 
automatically  registered 
(translations only) to each 
phase of a 4D-CBCT scan 
yielding the tumor 
trajectory relative to the 
planned tumor position. 
 
 

Rotation and translation corrected by:  

Robotic Couch 6-D: Hexapod 
 



Baseline shift 

The measured tumor trajectory was averaged (time-weighted) 
to quantify displacements of the mean tumor position. 
Corrections for baseline shifts were validated. 

 
 Abdominal compression was effective for reducing the 

amplitude of tumor motion. However the use of abdominal 
compression seemed to increase the interfraction variation 
in tumor position, despite reducing lung tumor motion. The 
daily tumor position deviated more systematically from the 
tumor position in the planning CT. Therefore, target 
matching is required to correct or minimize the 
interfraction variation. 




