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Выступающий
Заметки для презентации
I thank a lot the organizing and program committee for giving me an opportunity to present my paper here. It is a great pleasure to me to come to Saratov and I am happy to greet you all. My paper is devoted to early photon fluorescence molecular tomography for small animal imaging. I will tell about an opportunity to separate the spatial distributions of the fluorophore absorption coefficient and the fluorescence lifetime in time domain. I must say that these are our first results on the separation and they are not as good as we would like.
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Выступающий
Заметки для презентации
Here you can see the contents of my presentation.


.
Why lifetime FMT? rofi s

Among all fluorescence parameters, it Is
neither the fluorophore absorption
coefficient, nor the quantum yield that is
most sensitive to the molecular
surrounding of fluorescent sensors. The
most sensitive is fluorescence lifetime. It
IS this parameter that allows us to get
Information on the space and time
characteristics of processes that occur in
the cells and molecules of animal tissues.
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Выступающий
Заметки для презентации
As we know the aim of fluorescence tomography is to visualize fluorescence parameters at relatively large depths (1 cm and more). Two months ago at the Topical Problems of Biophotonics conference, I presented an early-photon fluorescence tomography method which demonstrated a possibility to visualize the fluorophore absorption coefficient with high spatial resolution (better than 100 microns).  But among all fluorescence parameters, it is neither the absorption coefficient, nor the quantum yield that is most sensitive to the molecular surrounding of fluorescent sensors. The most sensitive is fluorescence lifetime.  It is this parameter that allows us to get information on the space and time characteristics of processes that occur in the cells and molecules of animal tissues. That is why I try to extend our method to the case of lifetime visualization.
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Time-domain FMT problem formulation 2=
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Выступающий
Заметки для презентации
What is the problem to visualize the lifetime in time domain? As it is known, the forward problem of fluorescence tomography is reduced to the solution of the system of two diffusion equations for the photon density of exciting radiation [fai-i:] and the photon density of fluorescence [fai-ef]). The inverse problem is to reconstruct the spatial distributions of quantum yield [gamma], fluorophore absorption [mju-ei-ef], and lifetime [tau]. You can see that the dependence of the fluorescence source function on [tau] is rather complex. Just this dependence strongly complicates the reconstruction of fluorescence lifetime in time domain. 


- =—
Ways to visualize the fluorescence lifetimeZzy™

 The first way is to work in frequency domain. We can identify the
function, whose reconstruction for different frequency
components will help separate the fluorescence parameters.

»  Godavarty A. Med. Phys. 32, 992 (2005)

U

The second way is to collect data in time domain and then to
change to frequency domain or Laplace transform domain to do
separation.

Gao F. et al. Opt. Express 14: 7109 (2006)

Nothdurft R.E. et al. J. Biomed. Opt. 14, 024004 (2009)
Gao F. et al. Appl. Opt. 49: 3163 (2010)

Gao F. et al. J. X-Ray Sci. Technol. 20: 91 (2012)

The third way is to apply multiplexing that is to reconstruct the
fluorophore concentration for different lifetime components and
then extract information on the fluorescence lifetime distribution.

Kumar A.T.N. et al. Opt. Express 14: 12255 (2006)
Raymond S.B. J. Biomed. Opt. 15, 046011 (2010)
Chen J. et al. Biomed. Opt. Express 2: 871 (2011)
Hou S.S. et al. Opt. Lett. 39: 1165 (2014)
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Выступающий
Заметки для презентации
What are the ways to visualize the fluorescence lifetime? Here I identify three ways which are mainly used in practice. The first is to work in frequency domain. In this case the formulas are simpler and we can identify the function, whose reconstruction for different frequency components will help separate the fluorophore concentration and the fluorescence lifetime. The second way is to begin to work in time domain and then to change to frequency domain or to Laplace transform domain to do separation. And the third way proposed by Kumar is to apply multiplexing that is to reconstruct the fluorophore concentration for different lifetime components and then integrate the results for getting information on the fluorescence lifetime distribution.      


.

Our simplifying assumptions T
d We use the asymptotic approximation for the

fluorescence source function

The contribution of fluorophore absorption to
the solution is negligible

Fluorescence quantum yield is constant

The scattering medium and fluorescent
Inclusions have identical optical parameters
c=c'=zc pzpu =y, D°'=D'=D

We change the Robin boundary condition by
the Dirichlet one

A.B. Konovalov et al. 7t Int. Symp. “Topical Problems of Biophotonics” (2019)
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Выступающий
Заметки для презентации
We take a different way. We work in time domain only. We make a number of assumptions which simplify the system of diffusion equations. Here you can see these assumptions. The main of them is the first. If we consider the early arriving photons, we can use the asymptotic approximation for the fluorescence source function.


.

The simplified system _PoIFETD
- 100" (r)

—DA@®' (r,t) + p,0%" (r,t) = S%' (1, 1)
C ot

se(r,t)=1,6(r-r,)o(t-t)

Yty (r)-4Dct?
r(r)|r|* +4Dct?

S'(r,t)= @°(r,t)

(De’f (rd ’t) =0

A.B. Konovalov et al. 7t Int. Symp. “Topical Problems of Biophotonics” (2019)
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Выступающий
Заметки для презентации
Here is the simplified system. See how the fluorescence source function is expressed now.


®
Solution of the simplified system Lo BHTo
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A.B. Konovalov et al. 7t Int. Symp. “Topical Problems of Biophotonics” (2019)
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Выступающий
Заметки для презентации
After solving the simplified system we can obtain the following integral equation, which relates the measured data we use for reconstruction and the sought spatial distributions [mju-ei-ef] and [tau]. Here [ʤi:- i:] is Green’s function of the diffusion equation for exiting radiation.


- —
Fundamental equations and sensitivity functissze™

1. T does notdependon I

g(rs,ts,rd,td):j‘wﬂaf (r,,t,r,,t,,r)u, (rdr
Vv

tg

4yDc’t? J’Ge(r—rs,t—ts)aGe(rd—r,td—t)/aq i
r|r,—r, [ +4Dct; oG®(r, —r.,t,—t.)/oq

s
A.B. Konovalov et al. 7t Int. Symp. “Topical Problems of Biophotonics” (2019)
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Выступающий
Заметки для презентации
So, we can consider two cases. If [tau] does not depend on the spatial coordinates, the inverse problem is reduced to the solution of this integral equation with respect to the fluorophore absorption coefficient. This case was considered two months ago. If [tau] depends on the spatial coordinates, the integral equation will be as follows. It is for the so called fluorescence parameter distribution function that contains the distribution of the absorption coefficient as well as the distribution of the fluorescence lifetime. The function [ef] also contains the squared velocity of the mass center of instantaneous photon distributions. This velocity is constant in the most part of the scattering object. But it depends on the time gate [ti-di]. Just this dependence gives us an opportunity to separate the fluorescence parameters.


.

The main idea

POAL-BHUNT®
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Выступающий
Заметки для презентации
The main idea is to reconstruct the function [ef] for different time gates. If we reconstruct it for two time gates, we will have the determined system with respect to the distributions of [mju-ei-ef] and [tau]. Its solutions can be written as follows. If we reconstruct [ef] for [en] time gates, we can obtain the overdetermined system and try to find solutions in the terms of least squares.


J C e g —
Semi-Infinite space roflLrTo
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A.B. Konovalov, V.V. Vlasov Quantum Electron. 44: 719 (2014)
A.B. Konovalov, V.V. Vlasov Proc. 38" PIERS: 3487 (2017)
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Выступающий
Заметки для презентации
For semi-infinite space we can derive an analytical representation for the sensitivity function. You can see it here. This is important in view of computing acceleration when we solve the inverse problem. It is much easier to calculate the weights on each iteration than to store a large sensitivity matrix in memory.


Discretization of the fundamental equation ZZ=g™
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Выступающий
Заметки для презентации
Discretization of the fundamental equation gives a system of linear algebraic equations. Here is the expression for the sensitivity matrix element.


Example of sensitivity function

POAL-BHUNT®
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Выступающий
Заметки для презентации
Here you can see an example of sensitivity function visualization for the specified parameters. The separation between source and receiver is 8 mm.


: : —
Cancelled scanning fiber probe BT
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A.B. Konovalov et al. 7t Int. Symp. “Topical Problems of Biophotonics” (2019)
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Выступающий
Заметки для презентации
To conduct a numerical experiment on fluorescence tomogram reconstruction, we must know the registration geometry. Two months ago we assumed that we would have a scanning fiber probe. That’s it. But now we assume that the probe will adjoin to the mouse’s back and no scanning will be done. Moreover, the region of interest cannot be large because we will combine fluorescence tomography with mouse MRI. 


New virtual fiber probe

POAL-BHUNT®
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Выступающий
Заметки для презентации
In this situation we assume that the new fiber probe will be smaller in size and a lot of exiting and collecting fibers will be arranged as shown here. The advantage of this probe is that it is suitable for both macroscopic and mesoscopic fluorescence tomography. Now we consider the case of macroscopic tomography. Then we must take only those source-receiver links which correspond to it. 
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Choice of source-receiver (SR) separationgz=g™
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V.L. Kuzmin et al. Zh. Eksp. Teor. Fiz. 155: 460 (2019)
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Выступающий
Заметки для презентации
It is known that the diffusion approximation fails when the SR separations are too small due to anisotropic scattering. The SR separation limit can be estimated from the analysis of this plot. It shows calculated data on how the ratio of scattering intensities for anisotropic and isotropic radiations depends on SR separation.  We can see that for small anisotropy, the intensities differ by no more than 10% when the SR separation is no smaller than 8 mm. So, 8 mm is the limit we are searching for.


: : =
Choice of time gates roAlLBITo

8-9mm : 4392 links 9-10mm : 3076 links

L. W W W W W W W W W _
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Выступающий
Заметки для презентации
We must reconstruct the fluorescence parameter distribution function for several time gates. So, we tried to identify 4 ranges for SR separations. Each range corresponds to its time gate. The ranges are 8-9 mm, 9-10 mm, 10-11 mm, and 11-12 mm. The solid red and blue colors show the working fibers. The green color shows the filling of the probe area with the working SR links. For these two ranges the filling is good. The number of links seems to be enough for accurate reconstruction.


: : =
Choice of time gates roAlLBITo

10 g
9t |

8 |

7f |

6 |

5t |

4 |

3f |

2l ] N

0 /

t; =160 ps t, =185 ps



Выступающий
Заметки для презентации
Here are the patterns of filling for the two other ranges. The last one looks bad. That is why we only took the first three ranges and three time gates.


: —
The object to be reconstructed e

c=0.214 mm/ ps
D=0194mm y=1

7 =1000 ps

1, =0.01mm™



Выступающий
Заметки для презентации
So, we defined a 3D scattering object 11X11X8 cubic millimeters in size for reconstruction. We embed two spherical fluorescent inclusions in the object. The diameters of inclusions are equal to 1 mm. The values of fluorescence parameters for the inclusions are as follows. The depth we study is 3 mm. For modeling the measurement data, we use the well-known software package NIRFAST.


B
The ART-TV algorithm vofomme

|[VE[, > min s.t. Wf =g
Lagrangian: HWf —gHi —I—ZHVle — min
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1. ART-iterations

f(k+1) f(k)—l-ﬂ ' J W..
Z WZ J|
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o g0, A I
of,

A.B. Konovalov & V.V. Vlasov Proc. SPIE 9917: 99170S (2016)
V.V. Vlasov et al. J. Electron. Imaging 27: 043006 (2018)
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Выступающий
Заметки для презентации
For solving the inverse problem, we use a compressed sensing algorithm ART-TV that combines the standard algebraic reconstruction technique with regularization via total-variation norm minimization. We implement it with two separate steps. In the first step, ART reconstructs the image. In the second step, the total-variation norm of the image is minimized using the standard steepest descent algorithm. Then these two steps are repeated. Our implementation of the algorithm is in rather detail described in these papers.


- _—
The results of 3D reconstruction: f(r) e

SR separations of 8-9 mm 6 XOY
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Выступающий
Заметки для презентации
Here is the reconstruction result for the fluorescence parameter distribution function for the SR separation range of 8-9 mm. This slide shows a fragment of a 3D tomogram with fluorescent inclusions and their 2D sections.


. _—
The results of 3D reconstruction: f(r) — etEgm
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Выступающий
Заметки для презентации
Here is a similar result for the range of 10-11 mm.


. ' mew%
The results of separation: 4, (I) _tollo,



Выступающий
Заметки для презентации
Here you can see the result of fluorescence parameter separation. It is for the fluorophore absorption coefficient.
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The results of separation: 7(r) _toflEge
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Выступающий
Заметки для презентации
And here is the reconstruction result for fluorescence lifetime. You can see that it is not good. The separation is only accurate in the perfect case. When we reconstruct the function [ef] with errors, we have the problems. It is clear that we need to take certain steps to improve the result. What are these steps?


- —
Ways to improve the results obtained BT

d Possibly, we should try separate with
regularization as we do for the
reconstruction of the function f(r).

d We must continue to study registration
geometry. Possibly, the function f(r) can
be reconstructed more accurately.

d We must exploit the full potential of the
probe and implement mesoscopic
fluorescence tomography. The latter will
be done in any case.
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Выступающий
Заметки для презентации
Possibly, we should try separate with regularization as we do for the reconstruction of [ef]. Also, we must continue to study registration geometry. Possibly, the function [ef] can be reconstructed more accurately. If we fail, we must exploit the full potential of the probe and implement mesoscopic fluorescence tomography.  The latter will be done in any case.


Thank you for your time! i

Ve are very thankful to professor~- "
Jitsky profess or ] |



Выступающий
Заметки для презентации
We are very thankful to professor Savitsly and professor Tuchin for useful discussions of the new data registration geometry we hope and believe to be implemented soon. Thank you for your time.
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