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1. 
Please highlight your scientific progress from year 1, where did you hope to be after year 1?

Redesign of the Knife Edge Scanning Microscope (KESM) optical system and cameras

A major redesign of the KESM optical system and cameras was undertaken because new water immersion microscope objectives (Zeiss 63X, 1.0 NA and Olympus 20X, 0.95 NA) of much greater numerical aperture (hence resolution) became available. The design is summarized in a Department of Computer Science Technical Report [2]. These objectives use a 35-degree access angle, so that the diamond knife has had to be thinned to 30 degrees as opposed to the 45 degrees of the prototype instrument. Also the instrument was redesigned to facilitate fluorescence microscopy. Unfortunately the extensive redesign and accumulation of the appropriate tube and coupling lenses has delayed implementation of the instrument, now under contract.

Staining and embedding:
The plastic embedding process was refined to produce a consistent product with both Golgi and Nissl stained tissues. We modified the Golgi staining process to produce more consistent staining. We have developed en bloc staining protocols based on perfusion, in order to speed up the staining process and insure uniform staining.

Tissue sectioning and data acquisition:
The sectioning and imaging process has been fully automated, so that we can now section and image over 1,000 slices (1 um to 0.5 um thick) within 2 hours. We have obtained high quality Nissl data, and identified some problems with Golgi data (both with respect to embedding and staining).

Image processing and 3D reconstruction
We have been developing image processing pipelines for the initial processing of the KESM-scanned images. We have identified key features of the noise (cutting artifact) and found effective means to reduce the noise without compromising the data quality. These approaches include local mean and variance normalization and more standard filtering approaches such as median filtering.

3D reconstruction algorithms have been developed, similar to the approach being developed at the Stanford side. Our approach can handle branching processes effectively, which can complement the vector tracing method developed at Stanford.

Visualization

An efficient method was developed for interactive, realtime visualization of dense, massive volumes of fibrous data using self-orienting surfaces [1]. Implementation of the algorithm on GPUs have allowed us to interactively highlight or view a small subset of the data based on filtering for particular geometrical properties such as orientation.

Multiscale aspects

We realized that texture segmentation on KESM's Nissl data can help us link the KESM data (micro scale) to the UCLA mouse brain atlas (macro scale). We also developed surface reconstruction algorithms from contour-based 2D atlas of the mouse brain, which can be combined with the texture-based approach to link the micro to the macro scale.

2.
What challenges did you experience?

Staining and embedding

The en bloc Golgi staining procedure did not produce consistent results so we are currently investigating different formulae and procedures.

The hardness of the embedded tissue greatly correlates with the sectioning quality of KESM (see below). Certain combinations of staining and embedding materials resulted in relatively elastic tissue blocks, thus introducing chatter in the KESM cutting process. This most often occurred for the Golgi stained brains.

Chatter in cutting process and its abatement

Our knife-edge scanning microscope embedded the first successful linear     ultramicrotome ever built. Nonetheless, chatter in the cutting process is an ever present ghost. A variety of sectioning strategies, for instance, cutting successive tissue sections at random velocities helps minimize regenerative chatter in the cutting process. In parallel, we have also developed image processing methods to remove chatter artifacts in the scanned data. Our longer term strategy, however, is to minimize chatter by a thorough engineering study of the cutting process, using nonlinear dynamics models of the cutting process originally developed for metal machining, and characterizing the visco-plasticity of the embedded tissue.

We have been able to use a durometer (for hardness testing) at Micro Star to measure the hardness of different polymer embedding and mouse brain tissue embedded within these compounds. We expect an accurate measure of hardness prior to cutting can help us formulate a better mix for optimal cutting.

Validation of automated algorithms

The major challenge is to find a reliable way to validate the results from our automated algorithms for image processing, 3D reconstruction, and modeling. We are planning to develop methods for efficient and adaptable human-assisted editing tools to speed up the validation process.

3. 
What unexpected outcomes did you encounter?

Emergence of an intermediate scale, between the level of detail in a typical brain atlas and the cellular level (as reconstructed from KESM data)

Seeing the glomeruli in the olfactory bulb emerge within Nissl-stained KESM cellular-level data has taught us that bridge from 5um resolution of the brain atlas to 250nm resolution of our cellular-level light microscopy(20:1 in linear scale, 8000:1 in volume) is simply a jump too large. We are exploring three-dimensional texture-mapping techniques to see if this intermediate scale imagery can be visualized.

Imaging of the vasculature, as embedded in neighboring cells (in Nissl stain)

One unexpected outcome was regarding the extensive and intricate microvasculature that emerged from our Nissl-stained mouse brain data. The data can be valuable in several different ways, such as providing a standard reference frame for cross-specimen registration and multi-scale registration; and possible linkage to BOLD-based MRI data.

4. 
What are the major advances that have occurred in your field this year?

Acceptance of physical sectioning, as opposed to optical sectioning, as a major 3D imaging strategy

Throughout the development of knife-edge scanning microscopy, there has been great askance that physical, not optical, sectioning was employed. The scales are now beginning to tilt toward physical sectioning, see the attached white paper on Array Tomography by Stephen J. Smith and Kristina Micheva (Stanford), and the Automatic Taping Lathe Microtome undergoing development at Harvard.

Extension of KESM technology to other organs: heart, kidney, lung, etc.

The KESM, though invented for cellular-level imaging of brain tissue, is of course not limited to that organ system. The Physiome Project, co-chaired by Peter Hunter, lacks cellular-level data on virtually all organ systems considered in that project. We propose to provide sample KESM datasets to Hunter to see whether KESM technology could fill that gap.

5. 
How successful were your proposed tools, and did you adopt new tools?

Successes

· The KESM and the integrated stage control and imaging software system successfully demonstrated its capabilities in microscale surveys of the mouse brain tissue.
· We are currently developing in-house software for storage, processing, and analysis of the KESM data.
New tools for sectioning and imaging that have been considered

· Preliminary design of a rotary KESM.

The three stacked stages of the KESM are now 6 years old, and the technology of nano-precision encoding has moved on. To that end we have completed the preliminary design of a rotary KESM (cutting face horizontal) using newly available stages from Aerotech, Inc. This design considerably reduces vibration, as the knife, once engaged with the specimen, remains in continuous contact for multiple revolutions. The design uses the modified optical system and cameras discussed in Section 1 above.
· Examination of an ultra-precision diamond turning lathe for light and electron microscopy.
Moore Nanotechnology Systems, Keene, New Hampshire, manufactures ultra-precision diamond turning lathes that can hold surface tolerances of +-2nm on free-form optical components, unsurpassed by any other manufacturer. Visiting Keene, we discussed using their lathe to section plastic-embedded tissue, that is, to use their lathe as the machining   component of an ultra-precision rotary KESM. Because this instrument holds the prospect of sectioning down to 50nm, it may well allow both KESM-based light microscopy as well as a platform for Array Tomography.
· Cryo-KESM.

An alternative to en bloc staining and plastic embedding would be to cryo-preserve tissue and section it while chilled at minus 128 C. The cryo-preservatives prevent ice crystal formation, and are the foundation of an organ banking technology being developed at 21st Century Medicine. If the section were captured during the cutting process, it might be possible to examine the section with multiple stain technologies, as described in the Array Tomography white paper [3]. The tissue, of course, in this case would not be plastic embedded but rather  restored to its local in vivo chemistry. Greg Fahy, Chief Scientist at 21CM, has been helping us explore this possibility.

6. 
Please share your individual experiences of collaborating with the broader community.

It is exciting to find overlapping interests in all aspects of the project, including imaging, image processing, 3D reconstruction, validation, modeling, model/data sharing, and multiscale aspects of analysis. Even across different domains, such as from the brain to the lung, there sre many overlaps. It is certainly good to have experts in these areas readily accessible through the MSM consortium.

Some of the collaboration we seek has been through the working group we belong to, which helped identify the overlapping interests. We still need to come together as a group to begin on a meaningful collaboration where we can get concrete results.

7. 
Please highlight your plans for year 2.

In year 2, our objectives are:

· Complete Knife Edge Scanning Microscope enhancement.
· Continue improving staining and embedding protocols for Nissl and Golgi, and adapt heavy element staining developed for EM to work under KESM.
· Collect a full dataset for Nissl and Golgi-stained mouse brain.
· Integrate image processing, 3D reconstruction and editing, and interactive visualization tools into an integrated user environment.
· Analyze EM-to-LM mapping based on Stanford's EM data and Texas A&M's    LM data,

· Analyze LM-to-Atlas mapping based on texture analysis of Texas A&M's LM data and UCLA's Mouse Atlas Project atlas.

8. 
What is your primary MSM Working Group?

PI Yoonsuck Choe is the lead of WG7. He is also an observer in WG5 (high performance computing).

9. 
Please comment on your MSM Working Group(s), and what needs to be improved?

Yoonsuck Choe is the lead of WG7, focusing on multiscale aspects of imaging and image analysis. The WG was conceived to work on cell-level imaging and image anlaysis, but the focus shifted to geometric reconstruction and modeling (anatomical and physiological).
Data and model sharing activities (and scientific collaboration for that matter) are expected to be limited due to the different scientific area of focus of each participant's project. However, common techniques and know-hows can be shared among the group members due to similarity in the data (from a geometric point of view).
10. How do you foresee logical linking of models with others in the MSM?

Modeling of dendritic arbors and neurovasculatures in the mouse brain has close relations to other MSM projects working on arboreal structures such as bronchial trees and respiratory units in the lung.

Relevant MSM projects include: Ching-Long Lin (U of Iowa), human lung;

Robert Kunz (Penn State U), human respiratory system.

We have also been contacting Peter Hunter (collaborator of Jim Bassingthwaighte, U of Washington) regarding cell-level modeling of small animal organs (such as the mouse kidney). Hunter's Physiome project has strong ties to our neuronal level modeling of the mouse brain.

Basically, the KESM can be used to supply sample cellular level data to groups working on other organ systems and ways to link between tissue-scale and cellular-scale imagery.
11. Are you writing grants?

Yes, we submitted several proposals in the past year to various programs within NSF/NIH, NSF, and private foundations (e.g.  Dana Foundation). We are planning to submit another one to the PAR-06-410 program.

12. Are you finding new collaborations?

Our posters at the Society for Neuroscience Annual Meeting (2006) drew quite a bit of attention, and since then we had been exchanging ideas about possible collaborations. Notable contacts include Ravi Rao at IBM research, on possible use of IBM Blue Gene for 3D reconstruction and analysis of brain microstructure.

Prompted by our collaborator Stephen Smith (and his work on Array Tomography), we have been looking into ways to enable KESM to section and image immuno-stained tissues.  We have been in contact with Gregory M. Fahy, Vice President and Chief Scientific Officer at 21st Century Medicine, Inc. to find out if their expertise in cryopreservation can be combined with KESM for this purpose. Imaging with KESM in this modality will allow us to link the microscale data from KESM to the nanoscale data from Stephen Smith's Array Tomography.

Other people we have contacted include: Henry Markram EPFL (rat brain).

References

[1]  Zeki Melek, David Mayerich, Cem Yuksel, and John Keyser, Visualization of Fibrous and Thread-like Data,  IEEE Transactions on Visualization and Computer Graphics 12:1165--1172, 2006.

[2] Bruce H. McCormick, KESM 1.5 Optics and Cameras, Technical Report TR2006-10-1, Department of Computer Science, Texas A&M University, College Station, TX, 2006

[3] Stephen J. Smith and Kristina Micheva, Array Tomography, White paper, Department of Cellular and Molecular Physiology, Stanford University, Stanford, CA, 2007

