
Fluorescence molecular tomography 
using early arriving photons: 

fundamental equations, numerical 
experiment, and resolution analysis    

Russian Federal Nuclear Center – 
Zababakhin Institute of  Applied Physics 

ROSATOM “ROSATOM” STATE CORPORATION 

Alexander B. Konovalov, Vitaly V. Vlasov,  
and Alexander S. Uglov  

TPB 2019,  Konstantin Korotkov 
July 27-31 2019   

Выступающий
Заметки для презентации
First I would like to thank the organizing and program committee for giving me an opportunity to present my paper here. I have a pleasure to greet you all. My paper is devoted to early photon fluorescence molecular tomography for small animal imaging.
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Here you can see the contents of my presentation.
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Ways to improve the spatial resolution 

 The development of models and methods 
for time-domain FMT with use of early 
arriving diffuse photons                

 Application of compressed sensing 
algorithms to the reconstruction of 
fluorescence tomograms 

 The development of methods for 
mesoscopic FMT and laminar optical 
tomography 

Выступающий
Заметки для презентации
The main problem of macroscopic diffusion tomography is its too low spatial resolution. Sub-millimeter resolution is quite attainable in case of small animals. But even such resolution is much worse than that of microscopy and does not completely meet state-of-the-art requirements for experimental oncology. That is why scientists go on searching for ways to improve the spatial resolution. In my view, the most important directions of research in the area include: first, the development of models and methods for time-domain fluorescence tomography with use of early arriving diffuse photons; second, the application of state-of-the-art compressed sensing algorithms to the reconstruction of fluorescence tomograms; and third, the further development of methods for mesoscopic fluorescence tomography. My presentation focuses on the first two directions.
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The novelties of our research 

 We propose an original approach to 
macroscopic early-photon FMT based on a 
number of simplifications to derive the analytic 
sensitivity functions for reflectance geometry                   

V.V. Lyubimov, Opt. Spectrosc. 88: 282 (2000) 

 To solve the FMT inverse problem we use an 
original hybrid algorithm that combines the 
algebraic reconstruction technique with total 
variation regularization and adaptive 
segmentation                   

V.V. Vlasov et al., J. Electron. Imaging 27: 043006 (2018) 

Выступающий
Заметки для презентации
The novelty of our research is as follows:1) We propose an original approach to macroscopic early-photon fluorescence tomography. It is based on a number of simplifications which allow us to derive analytical expressions for the sensitivity functions in case of reflectance geometry. Its basic idea was almost 20 year ago advanced by my teacher Vladimir Lyubimov.2) We solve the inverse problem using an original hybrid technique that combines the standard algebraic reconstruction with regularization via total variation norm minimization and adaptive segmentation of interim results. We have recently published in the Journal of Electronic Imaging the application of this algorithm to few-view X-ray tomography of strongly absorbing media.      
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Light propagation in scattering medium  

С. Darne et al., Phys. Med.  Biol. 88: R1 (2014) 
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Выступающий
Заметки для презентации
The fundamental equation is derived using a diffusion approximation to the transport equation. If a fluorophore is present in tissue, the propagation of pulsed radiation is described by a system of two diffusion equations. It is for the photon density of exciting radiation [fai-i:] and the photon density of fluorescence [fai-ef]). Here are the expressions for the source functions [es-i:] and [es-ef]. The system is usually closed by the Robin boundary condition.
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 We use the asymptotic approximation for the 
fluorescence source function 

 The contribution of fluorophore absorption is 
negligible  

  Fluorescence quantum yield and lifetime are 
constant                   
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Our simplifying assumptions  

V.V. Lyubimov, Opt. Spectrosc. 88: 282 (2000) 

Выступающий
Заметки для презентации
Now do a number of simplifying assumptions.First, in case of early arriving photons, the time dependence [fai-i:] is primarily defined by the exponential factor. Then for the source function [es-ef] we can use its asymptotic approximation.Second, we will assume that the fluorophore is distributed within a local region of a homogeneous object. Then, in the first approximation, we can neglect the contribution of fluorophore absorption to the attenuation of [fai-i:].Third, at this phase of research we assume that fluorescence quantum yield and lifetime are independent of spatial coordinates, and derive a model for solving the inverse problem for the fluorophore absorption coefficient [mju-ei-ef].Then our system of equations becomes simpler.
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Выступающий
Заметки для презентации
For the solution [fai-ef] we can write the following expression. Here [ʤi:-ef] is Green’s function of the diffusion equation for fluorescence. After substitution of the source function we obtain the constraint equation that connects the solutions [fai-ef] with [fai-i:].
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Time-resolved normalized data  
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Выступающий
Заметки для презентации
To move further we need to decide on the measurement data we will use for reconstruction. We use the so called time-resolved normalized data [ʤi:] that are the ratios of the exciting radiation and fluorescence fluxes measured for the specified time gates on the object boundary. With Fick’s law, we easily go from the constraint equation to the following expression for [ʤi:].
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 The additional assumption 

 The scattering medium and the fluorescent 
inclusions have identical optical properties 

                

 The Green function derivatives for the 
diffusion equations of exciting radiation and 
fluorescence are equal to each other 
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V.V. Lyubimov, Opt. Spectrosc. 88: 282 (2000) 

Выступающий
Заметки для презентации
Let us assume that the scattering medium and the fluorescent inclusions have identical optical properties. This is almost true for the near infra-red range. Then the Green function derivatives for the diffusion equations of exciting radiation and fluorescence are equal to each other.
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 Fundamental equation and sensitivity function 
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Выступающий
Заметки для презентации
As a result, we come to the following equation. It describes our model for solving the forward problem of early-photon fluorescence molecular tomography. We will refer to it as the fundamental equation. The term in the square brackets is the sensitivity function responsible for the reconstruction of the fluorophore absorption coefficient.
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 Further simplification    

V.V. Lyubimov et al., Phys. Med. Biol. 47: 2109 (2002) 
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Выступающий
Заметки для презентации
This ratio is the squared velocity of mass center of instantaneous photon distributions. Our previous studies show that the velocity is constant in the most part of the volume of the scattering object. Then we can do this substitution and remove the first factor from the integrand. The expression for the sensitivity function simplifies. 
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 3D reflectance geometry  
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Выступающий
Заметки для презентации
Let us show that in case of reflectance geometry we can derive an analytical representation for the sensitivity function. In the paper I mentioned we compared the Robin and Dirichlet boundary conditions. If we use early arriving photons, then the statistical characteristics of their distributions, such as banana-shaped zones, average trajectories, and standard deviations of photons almost exactly agree. Thus, we can take the Dirichlet condition and an appropriate simple expression for Green’s function.
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 Integral I  
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Выступающий
Заметки для презентации
The integral [ai] is solved by quadratures. That was earlier done in our references provided.
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 Analytic representation for sensitivity function   
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Выступающий
Заметки для презентации
Then the final expression for the sensitivity function will be the following. 
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Example of sensitivity function visualization   

0.214 mm / psc = 0.194 mmD = 1γ = 1000 psτ =

Выступающий
Заметки для презентации
Here you can see an example of sensitivity function visualization for the specified parameters.
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 Discretization of the fundamental equation    
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Выступающий
Заметки для презентации
Discretization of the fundamental equation gives a system of linear algebraic equations. Here the vector [ef] describes the sought distribution of the fluorophore absorption coefficient [mju-ei-ef]. This is the expression for the sensitivity matrix element.  



 Virtual fluorescent tomograph  
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probe 

small animal 

excitation 
fiber 

collection 
fibers 

E. Cordero et al., J. Biomed. Opt. 23: 071210 (2018) 

Выступающий
Заметки для презентации
To estimate the efficiency of our approach, we conduct a numerical experiment on fluorescence tomogram reconstruction. We assume a virtual fluorescent tomograph that is planned to be constructed at the Bach Institute of Biochemistry, Moscow. The excitation light is delivered to the object and the scattered signal is collected via an endoscopic fiber probe similar to those which were recently described in this paper. The probe has a central excitation fiber and two concentric rings, each of which has 12 collection fibers. The radii of the rings are equal to 8 and 10 mm.



18 

Scanning of the object      
  

    
  

1419 useful source-receiver connections 

20 mm 

20
 m

m
 

Выступающий
Заметки для презентации
We assume that such a probe can scan a 2D boundary region 20X20 square millimeters in size. Here you can see two positions of the probe. If the scanning step is 2 mm, we will have 1419 useful source-receiver connections. 
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The object to be reconstructed  

0.214 mm / psc =

0.194 mmD =

1γ =

1000 psτ =
10.01 mmafµ −=

The values of time gates are 100 and 150 ps.  
They correspond to the source-receiver 

separations of 8 and 10 millimeters, respectively. 

Выступающий
Заметки для презентации
So, a 3D object 20X20X8 cubic millimeters in size can be defined for reconstruction. We embed to the scattering object two spherical fluorescent inclusions forming the periodical structures. The diameters of inclusions vary from 100 to 500 micrometers to test the spatial resolution. The depths we study are 3 and 6 millimeters. The values of optical and fluorescence parameters we choose for simulation are as follows. The values of time gates are 100 and 150 ps. These values correspond to the source-receiver separations of 8 and 10 millimeters, respectively. For modeling the measurement data, we use the well-known software package NIRFAST.
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The ART-TVS algorithm   
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V.V. Vlasov et al., J. Electron. Imaging 27: 043006 (2018) 

 Algebraic reconstruction 
with total variation 

regularization (ART-TV)  
H. Yu, G. Wang, Phys. Med. Biol. 54, 

2791 (2009) 

Adaptive segmentation (S) 
based on region growing   

A. Mehnert, O. Jackway, Pattern 
Recognit. Lett. 18, 1065 (1997) 

ART-TVS  =  ART-TV + S 

Выступающий
Заметки для презентации
For solving the inverse problem, we use a compressed sensing algorithm that combines the standard algebraic reconstruction technique with regularization via total-variation norm minimization and adaptive segmentation. Our implementation of the algorithm is in rather detail described in this paper.
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The main advantage of ART-TVS   

ART 

ART-TVS 

Выступающий
Заметки для презентации
Our algorithm gives a great gain in reconstruction accuracy when piecewise constant functions are recovered. You can see the examples of 2D reconstructions we have obtained earlier. They demonstrate the advantage of our algorithm very well. On the top you can see the result we obtained with the standard algorithm and on the bottom is the result of our algorithm.
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The results of 3D reconstruction   

0.01 
mm-1 

0 

depth of 3 mm 

0.1 
mm 

0.5 
mm 

Выступающий
Заметки для презентации
Unfortunately, in 3D the images are not that good. This slide presents the 3D tomogram fragments with fluorescent inclusions and their 2D sections for a depth of 3 mm. It is seen that the 100 micron inclusions are resolved very well.
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The results of 3D reconstruction   

0.01 
mm-1 

0 

depth of 6 mm 

0.1 
mm 

0.5 
mm 

Выступающий
Заметки для презентации
Here are the results for a depth of 6 mm. The 100 micron inclusions are resolved well too.
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The results of 3D reconstruction   

0.01 
mm-1 

0 

depth of 6 mm depth of 3 mm 

Выступающий
Заметки для презентации
Here you can see the 2D sections of the 3D fragments by a plane parallel to the vertical axis. Fluorescent inclusions have an elongated shape. This probably indicates a resolution degradation in the vertical direction.
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Conclusion and further research 

 Our approach to macroscopic FMT allows 
the resolution of 100 micrometers to be 
obtained 

 Our further research is aimed at developing 
a physical experiment to verify the results 

 Of special interest to us is to adapt our 
approach to fluorescence lifetime 
tomography  

Выступающий
Заметки для презентации
Our approach to macroscopic fluorescence tomography based on the use of early arriving photons and compressed sensing algorithms allows the resolution of 100 micrometers to be obtained. It is rather well because comparable with the resolution of mesoscopic tomography.Our further research is aimed at developing a physical experiment to verify the results. I suggest that we will have an opportunity to make it at Bach Institute of Biochemistry.Of special interest to us is to adapt our approach to fluorescence lifetime tomography. It is very important in order to detect molecular events in a living small animal.       
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Thank you for your time! 

Выступающий
Заметки для презентации
Thank you for your time.
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