Final Report P2R Franco-Israeli Program
Blind Deconvolution in 3D Biological Microscopy

1. Participants:
French Side: ARIANA, joint INRIA/CNRS/UNSA research group (L. Blanc-Féraud, C. Chaux, P. Pankajakshan and J. Zerubia (PI)), Pasteur Institute (J.C. Olivo-Marin and B. Zhang)
Israeli Side: Weizmann Institute (Z. Kam (PI)), Technion (A. Feuer)

2. Abstract:

The objective of this research program is to develop and apply blind deconvolution to high resolution fluorescence microscopy.

Fluorescence microscopy has always been the central technique in cell biology. With the completion of the human genome projects and availability of gene libraries for genetic labeling (using fluorescent proteins) and gene manipulations (mutations, interference with expression), high-resolution imaging at the level of the whole cell became increasingly important in all areas of basic and biomedical research. However, microscopy imposes serious limitations which hinders its use in much needed applications. These include degradation of image quality under practically employed conditions (e.g. thick samples, week signals in high backround of cell autofluorescence). Digital image processing has shown great help relaxing many of the constraints. In particular, when the optical properties of the imaging system are known (usually described by the optics point spread function, ie. PSF), deconvolution algorithms have been applied to reconstruct high contrast and reduced background three-dimensional fluorescently labeled structures from microscopic images. Proper design of constraints on the deconvolved image (such as positivity) have shown to define a well-behaved inverse problem. The purpose of this study is to extend the usability of deconvolution algorithms to cases were the degradation of the microscope images caused by the microscope optics cannot be exactly characterized, as is the case in many practical applications. Blind deconvolution offers to reconstruct both the sample and the optics PSF from the acquired images. It has been effectively applied in astronomical or satellite two-dimensional images. Extending these methods to three-dimensional microscope images has been published (and commercial software with proprietory algorithms is available), however these methods are mainly  aimed at improved visualization, while critical quantitative biological applications need to meet criteria such as preservation of total intensities in the reconstructed images, definition of error bars and tight control on the fitted PSF. The French and Israeli teams have a long record of achievements in image reconstruction and processing, optical characterization of microscope aberration for non-ideal conditions, and microscope application for biomedical research. The combined and complementary team allows to start developing blind deconvolution algorithms that will make microscopy not only a tool for visualization of subcellular structure and the localization of specific components in its organelles, but also an analytical quantitative tool for probing cellular responses to genetic manipulations, drugs and other stimuli, which is necessary for the study and understanding of cellular mechanisms and malfunctions associated with diseases.
3. Progress report:

First, we were able to finish 2 pieces of work on deconvolution of confocal microscopy images, started in a previous cooperation (ARC DeMitri funded in 2003/2004 by INRIA). We have completed a paper on the use of total variation for deblurring 3D biological microscopy images with Richardson Lucy algorithm [1], tests with a confocal microscope at Pasteur and with a wide field microscope at Weizmann have been conducted. Furthermore, a research report [2] and a conference paper [3] have been published on the use of 3D complex wavelets for denoising confocal miscroscopy images.

Thanks to the work of a PhD (M. Bo Zhang) hired by Pasteur (funded by BDI CNRS), Pasteur and Ariana research groups have worked together on the modeling of the PSF for fluorescence microscopy, which is a first step towards blind image deconvolution. A paper [4] was published in an international conference in San Jose, USA in 2006 and a journal paper [5] is in press.


Thanks of the partial financial support of the Direction of European and International Relations of INRIA and a CORDI PhD grant, Ariana has been able to hire for 8 months (M. Praveen Pankajakshan), first as an intern, then as a PhD, in order to collaborate with Pasteur Institute, Weizmann Institute and Technion on the PSF parameter estimation. We also got a post-doc fellowship from INRIA starting in November 2006 (Mrs Caroline Chaux) to work on denoising using complex wavelets. Two joint meetings between the French and Israeli teams were planned in March 2006 and February 2007 in France.
3.1 Approximation of the PSF (B. Zhang et al.)

We have studied comprehensively the least squares Gaussian approximations of the diffraction-limited 2D/3D paraxial/non-paraxial point spread functions (PSFs) of Wide Field Fluorescence Microscopy (WFFM), Laser Scanning Confocal Microscopy (LSCM) and Disk Scanning Confocal Microscopy (DSCM) described using the Debye integral [5]. This corresponds to the case when the pinhole is not considered as a point (last year’s results in [4]) but has a finite size. This is a more realistic situation that has allowed us to derive approximations parameters that are directly usable and in good accordance to experimental data. First, we have derived, under an L∞ constraint imposing peak matching, optimal and near optimal Gaussian parameters in closed forms for the WFFM, LSCM and DSCM PSFs. We have further considered the approximations with an L1 constraint imposing energy conservation, where an optimal Gaussian parameter is found available in closed form for the 2D paraxial WFFM PSF. Numerical results show that the 2D approximations are very accurate; the 3D approximations are average for WFFM, accurate for DSCM and LSCM with small and reasonably large pinholes respectively, and are near perfect for LSCM with small pinholes.
3.2 
Parametric blind deconvolution of Confocal Laser Scanning Microscope images (P. Pankajakshan et al.)
We are currently working on the parametric blind deconvolution of Confocal Laser Scanning Microscope (CLSM) images. Although CLSM are good for scanning thick biological specimens, their quality is affected by two basic physical limitations. 
First, out-of-focus blurs due to the diffraction-limited nature of the optical microscope and secondly, significant reduction in the amount of photons detected by the photomultiplier causes poisson noise.
Our current goal is to develop an efficient method for parametric blind image deconvolution and involves the simultaneous estimation of the specimen function and the PSF of the microscope. However, determination of the PSF is an undetermined problem with no known unique solution. We overcome this problem by using a physical acquisition model of the microscope and by introducing a priori knowledge about the specimen. Consequently, an arbitrary image volume can be approximated as the convolution of an isotropic three-dimensional Gaussian model and the actual volume of interest. 
For the implementation, we alternatively maximize the a posteriori distribution with respect to the specimen function first (Richardson Lucy algorithm) and then the likelihood with respect to the parameters of the PSF model. Preliminary results show that the method yields noise reduction, blur estimation and regularized deconvolution. 
3.3  Image restoration using complex wavelet transform (C. Chaux et al.)
We aim at estimating an original image degraded by a blur (known) and a Poisson noise. A first approach consits in using both N. Dey 's work [1] in which he developed a 
Richardson-Lucy algorithm regularized by a Total Variation constraint and 
G. Pons 's work [3] in which she studied Gaussian noise denoising using the 3D 
Complex Wavelet Transform. Combining the two approaches is not obvious and 
requires to make preliminar theoretical studies. 
If we want to consider a Gaussian noise, we have to use a pre-processing by a transform like Anscombe or Fisz, in order to stabilize the variance. One of the objectives is to use the 3D Complex Wavelet Transform and build an algorithm operating in the 
transform domain.

4. Budget of French side till Dec 31, 06

The detailed budget of the French side is attached in the long version of the report. On December 31, 2006, 69% of the overall French budget was used for trips to visit the differents members of the team in France and in Israel and also to attend conferences. The rest of the money will be used in the first semester 07 to continue the collaboration.
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