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•  Using patient-specific data obtained from imaging towards personalized 
dosimetry 

Context 

•  Goal: get an accurate estimate of spatial distribution of the absorbed 
dose at the required scale 

•  Prerequisite: get an accurate estimate of 
1)  the cumulated activity distribution  
2)  the elemental composition of tissues 

time 
Absorbed dose 

calculation engine	
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•  How accurate can the input images be? 

•  In which conditions? 

•  Specificities of activity quantitation in molecular radiotherapy applications. 

•  How to move forward? 

Topics covered by the talk 

time 
Absorbed dose 

calculation engine	
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•  Accurate activity distribution at each relevant time point, given the 
radiopharmaceutical kinetics 

•  Cumulated activity from these activity distributions 

•  Tissue elemental composition co-registered with the cumulated activity 
values 

What do we need from images?  

time 
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•  Accuracy of the estimated activity distribution highly depends on the 
radioisotope associated with the β- emitter used for therapy 

•  In diagnostic imaging, PET accuracy tends to be equal to or better than 
SPECT accuracy thanks to higher sensitivity (x10), better spatial 
resolution (~ 5 mm against  ~ 8 mm) and easy attenuation correction. 
Yet, this is only true for “clean” emitters (eg, F18, Tc99m)   

•  When it comes to “dirty” isotopes or isotopes with a complicated decay 
scheme (In111, I124, I131, Y90, etc) : 

-  Conventional imaging protocols are usually sub-optimal. 
-  The best imaging strategy to get accurate activity estimates (PET 
vs SPECT) has to be carefully investigated when a choice is 
possible. 
-  The accuracy and precision have to be characterized for each 
imaging protocol.  

First step: accurate activity distribution at each time point 
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•  From Rault et al, Cancer Biotherapy 2007  

Example 

Simulated data	
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•  From Yue et al, IEEE Medical Imaging Conference 2013  

Example 

Y90 SPECT versus Y90 PET in patients with liver radioembolization	



PET 30 min	

 SPECT 45 min	



Activity volume histogram	
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In image-based dosimetry, the advantages/drawbacks of 
PET versus SPECT imaging approaches have to be very 
carefully investigated, as the isotopes associated with 

the β- emitters have specific features. Quantitative 
performance obtained with clinical PET and SPECT 

protocols involving F18 or Tc99-labelled agents are thus 
not necessary representative of what to expect in 

molecular radiotherapy.      

First take-home message 

There is no easy answer regarding which accuracy can 
be obtained. It all depends on the isotope of interest and 

imaging protocol. 
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•  3D imaging (versus 2D imaging) as soon as more than whole body 
dosimetry is needed  

•  Attenuation compensation 

•  Scatter compensation 

•  Compensation for the detector response (to reduce blur and distortions) 

•  Positron range correction (in PET) 

•  Motion correction 

•  Partial volume effect correction 

•  Tissue fraction effect correction 

•  Dead time correction 

Ingredients for accurate activity quantitation in ET in general  

Ideally:	
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•  3D imaging (versus 2D imaging) as soon as more than whole body 
dosimetry is needed: SPECT(/CT) and PET/CT are widely available. 

•  Attenuation compensation: accurate on SPECT/CT and PET/CT 
scanners by modelling attenuation within the reconstruction procedure 
based on CT-derived attenuation coefficients. 

•  Scatter compensation: effective on SPECT(/CT) and PET/CT scanners 
using vendor solutions for Tc99m and F18.  

•  Compensation for the detector response (to reduce blur and distortions): 
accurate in SPECT(/CT), effective in PET/CT. Yet, resulting images 
remain blurred.  

•  Positron range correction (in PET): useless in F18-PET, not available in 
commercial PET/CT scanners. 

Ingredients for accurate activity quantitation in ET in general  

State of the art (“clean” isotopes)	
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•  Motion correction: not available in SPECT(/CT), in progress in PET/CT 

•  Partial volume effect correction: not available in SPECT(/CT), nor in 
PET/CT 

•  Tissue fraction effect correction: not available in SPECT(/CT), nor in 
PET/CT 

•  Dead time correction: not needed in diagnostic imaging 

Ingredients for accurate activity quantitation in ET in general  

State of the art (clean isotopes)	
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•  3D imaging (versus 2D imaging) as soon as more than whole body 
dosimetry is needed: SPECT(/CT) and PET/CT are widely available and 
should be used whenever possible. 

Activity estimates at the voxel level is impossible without 3D imaging.  

An alternative: 2.5D  imaging = combining planar imaging with CT. 

Activity quantitation in ET for dose calculation purpose 

Planar scintigraphy	

 CT  
for organ delineation and 
calculation of the R(i,j) 

Planar(i)	


Iterative inversion of  

[Planar(j)]j = [R(i,j)]i,j.[Organ(j)]j 
to retrieve [Organ(j)]j given 

[Planar(i)]i  

Price to pay: organ based activity estimates (no dose volume histograms)  

Organ(j)	



Need for an accurate 
model of the camera 

response	
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Example 

Best is 3D imaging, but 2.5D is definitely better than planar. 

3D is the way to go.  

•  From He et al, Phys Med Biol 2006 

In111 imaging, Monte Carlo simulated data	



2.5D 	


3D 	



2D 	
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•  Attenuation compensation: accurate modelling in SPECT/CT and  
PET/CT scanners within the reconstruction procedure based on CT-
derived attenuation coefficients. 

Activity quantitation in ET for dose calculation purpose 

p = Rµ . f	


•  But increased complexity for “dirty” gamma emitting isotopes and 
bremmsstrahlung imaging: µ depends on energy. Hence Rµ should be 
energy dependent.  

p = Rµ . f	

 p = Rµ(E) . f	


Attenuation compensation will not be accurate because E has to be 
coarsely sampled (eg every hundred keV or more in bremmsstrahlung). 	
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Example 

Accounting for the energy dependence of Rµ is essential 

Attenuation correction becomes approximate 
but remains effective 

•  From Rong et al, Med Phys 2012 (and see Michael’s talk) 

Y90 bremmsstrahlung SPECT, Monte Carlo simulated data	



Rµ(E) 	



Note that Rµ(E) also included scatter modelling	
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•  Scatter compensation: effective (and various) methods available in 
SPECT/CT and PET/CT scanners either using multiple energy windows 
(SPECT) or a model of scatter spatial response within R (SPECT and 
PET) 

Activity quantitation in ET for dose calculation purpose 

•  But increased complexity for “dirty” isotopes emitting high energy photons 
that produce downscatter.  

Scatter is highly isotope-specific.  
In SPECT, energy windows and associated weighting schemes must be 
optimized differently for each isotope.   
In SPECT and PET, scatter spatial response functions to be used in 
reconstruction must be optimized differently for each isotope.   

Monte Carlo modelling is the reference approach to 
derive and optimize a scatter correction model and 

parameters.   
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Examples 

Easy case: Lu177: no high energy 
contaminant: 

Spectral windows can be sufficient for 
effective scatter correction (Beauregard 

et al, Cancer Imaging 2011)	



Complex case: I131: Monte Carlo 
simulations are needed to derive a 

scatter model to be used in 
reconstruction	
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•  Compensation for the detector response (to reduce blur and distortions): 
now available, accurate in conventional SPECT(/CT), effective in PET/
CT.  

Activity quantitation in ET for dose calculation purpose 

p = RDRF . f	


•  Increased complexity for “dirty” isotopes emitting high energy photons 
that lead to septal penetration.  

p = RDRF . f	

 p = RDRF (E) . f	



See Michael’s example with Multiple Energy Range approach.	
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•  Positron range correction (in PET): useless in F18-PET given current 
detector spatial resolution, not available in commercial PET/CT 
scanners.  

Feasible for longer range positron emitters, eg I124. 

Both analytical and Monte Carlo models have been described.  

Impact in molecular radiotherapy applications has not been reported, but 
work in progress with I124, for instance. 

Should definitely be kept in mind for PET-based 
dosimetry at the voxel level 

Activity quantitation in ET for dose calculation purpose 

p = Rβ+ range . f	
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•  Motion correction: not available in SPECT/CT, in progress in PET/CT 

At the moment, second order problem in most dosimetry applications.  

Motion is mostly of concern for registering serial scans to 
calculate cumulated activity distribution at the voxel level. 

Locally, registration within a voxel (~ 4-5 mm) is feasible. 
In whole-body scans, registration is poorer.  

Accurate registration along serial scans in clinical studies can be checked 
using consistency measurements (Holden et al, IEEE Trans Med Imaging 

2000).  

Ingredients for accurate activity quantitation in ET in general  

E = I - T31T23T12 scan 1       scan 2        scan 3            
T12 T23 

T31 
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•  Partial volume effect correction: not available in SPECT/CT, nor in 
PET/CT, research in progress 

SPECT and PET images are always blurred, leading to partial volume 
effect, which:  
-  spreads the activity volume histogram (hence the dose volume 
histogram) 
-  yields to activity underestimation in structure < ~ 3 FWHM and activity 
overestimation in cold regions surrounded by hot regions. 

Ingredients for accurate activity quantitation in ET in general  

⊗	

 DRF True activity 
distribution 

Measured 
blurred image 
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•  Partial volume effect : 

Improvement of spatial resolution through detector response 
function compensation reduces PVE and is useful for dosimetry 
applications 

PVE questions the relevance of voxel-based dosimetry and should be 
kept in mind when interpreting such results 

Small structures are severely affected by PVE, so dose calculation in 
small structures (< 3 FWHM) should be interpreted with caution. 

Regional corrections are available in research labs allowing for 
improved dose estimates at the organ level 

Ingredients for accurate activity quantitation in ET in general  
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•  Tissue fraction effect correction: not available in SPECT/CT, nor in 
PET/CT 

Ingredients for accurate activity quantitation in ET in general  

8 8 
7 4 

6 

SPECT and PET images are always sampled, leading to tissue fraction 
effect, which:  
-  yields an average activity value over a voxel 
-  spreads (and possibly shifts) the activity volume histogram 
-  introduces biases in dose calculation  
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Example 

% diff between 
effective uniform dose 
and biologically 
effective dose 

Various types of heterogeneity within a voxel 

For a given activity value in a voxel (corresponding to an average of sub-voxel activity 
values), biological effect differ: ET imaging input alone will never be able to predict 

biological effect. Additional modeling is needed.  

•  From Calogioanni et al, Cancer Biother Radiopharm 2007 
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•  Dead time correction: absolute activity estimate is needed for dosimetry 
purpose, so calibration is a key step.   

Ingredients for accurate activity quantitation in ET in general  

Several calibration methods accounting for deadtime have been described.  

Example: Lu177 SPECT 

Beauregard et al Cancer Imaging 2011 	





Metro MRT Scientific Workshop – 22 May 2014 - Irène Buvat - 26 	



•  Accurate activity estimates in ET for dose calculation in molecular 
radiotherapy is more difficult than in conventional SPECT and PET.  
•  Accuracy is extremely isotope-dependent and protocol-dependent.  
•  The issues to address for improving the accuracy in activity estimates 
are well identified, even if not all solved. 

•  Solutions developed for conventional SPECT and PET can be 
adapted for improved quantification in the dosimetry context. Examples 
of such adaptations now exist.  
•  Given the room for improvement in activity estimate accuracy, it can 
be expected that such improvements will help demonstrate dose-
effect relationships. 

•  Images are an essential ingredient for dose calculation but at a 
millimetric scale at best. Other ingredients also play critical roles. 
•  As the accuracy of the imaging data directly impacts the accuracy of 
dose estimates, it should be precisely characterized for sound 
dosimetric studies. Work in that direction is in progress and is essential. 

Discussion and conclusions 
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Quality control: evaluating the accuracy of a dosimetry protocol 

•  www.dositest.com 
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Further reading 

The holy grail is probably too ambitious, we should look for improved 
accuracy, and most important clinical usefulness (even if not perfect accuracy)  


