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Short Abstract: 
We report about synchrotron-based fast cineradiography investigations using coherent hard X-rays to study in vivo the internal functional morphology of feeding mechanisms in opaque insect mouthparts. 
Long Abstract: 
In this article we present a novel tool to investigate in vivo opaque internal structures in living organisms by using white coherent hard X-rays from a synchrotron light source for fast cineradiography. Synchrotron light with its spatial coherence, quasi-parallel beam propagation and intense photon flux allows for performing X-ray micro-imaging with high signal-to-noise ratio, high spatial resolution as well as with different contrast modes. Thus, we are able to continue a development which was initiated by Lucien Bull with his demonstration of the outstanding scientific value of time-resolved visible light imaging [a]: hard X-ray radioscopy with high spatio-temporal resolution and different contrast mechanisms [c]. In our case we used the light from a bending magnet (TopoTomo) of the ANKA light source in Karlsruhe (Germany), filtered with 1 mm Si and 0.5 mm Be. The resulting high photon flux allows us to perform X-ray micro-imaging with data acquisition rates of up to 250 images/s (FPS) and lateral resolutions ranging between 10 µm and 30 µm [b, p, r]. Due to the spatial coherence of the source, the soft tissue of the insects can be visualised by applying phase contrast mechanisms (edge enhancement contrast) [o]. As high resolution pixel detector we use an adapted indirect detecting system which was developed by the Bundesanstalt für Materialforschung und –prüfung [j]. The unique system in combination with a fast CMOS camera allows to perform micro-imaging with high speed, high efficiency and high lateral resolution [d-j]. We applied this technique to individuals of the cockroach Periplaneta americana (Linné), which is well known for its worldwide distribution and association with human dwellings. Cockroaches (Blattaria) have quite primitive chewing and biting mouthparts. Thus, they form adequate model systems for studying basic insect mouthpart coordination and function (mouthpart kinematics and coordination). We fixed the insects with their backs on a coverslip, so that they were still able to freely move the various parts of their mouthparts. This movement was stimulated by providing food adjacent to their mouthparts. Imaging only the head with the X-ray beam, the observed survival time of up to 1.5 minutes was sufficient to obtain good image sequences of naturally feeding cockroaches that made it possible to analyze several complete movement cycles of the mouthparts per individual. In the long run, this research will help to compare quantitatively the kinematic patterns across major groups of insects and hence contribute to our understanding of the evolution of insect feeding.

Text:

Part 1: Brief introduction to basic principles of synchrotron light sources (T. Baumbach/A. Rack)


1.1) Explanation using the model of the ANKA light source how to arrive from electrons to X-ray photons (e-gun, accelerator, synchrotron, injection into storage ring, bending magnets and insertion devices).

1.2) Guided tour through the ANKA exposition of synchrotron equipment: the electron optics, the bending magnet and the undulator prototype.


1.3) View from top into the ANKA light source with short repetition of basics mentioned in 1.1.

Part 2: Scientific case - the study of functional morphology in insect feeding mechanisms 


(O. Betz/C. Schmitt)


2.1) Explanation of the major components in biting and chewing insects (labium, mandibles, maxillae, labrum) with some information about their position, morphology and function.

2.2) Description of neuronal control in insect mouthparts: suboesophageal ganglion coordinates mouthpart kinematics in a stereotype modality. In addition, there are context-sensitive feedback control mechanisms responsible for fine control with respect to the food texture.

Part 3: Synchrotron beamline with high resolution indirect pixel detector for imaging with hard X-rays (A. Rack)


3.1) Basic layout of a synchrotron beamline for applications with hard X-rays: optics hutch (e.g. FLUO) / lead shielding, with attenuator and monochromator, X-ray shutters, slits system, experimetal hutch with stages [p].


3.2) The indirect pixel detector concept for high resolution X-ray imaging explained via OptiquePeter system: the microscope part, the scinillator, the digital camera, here a fast CMOS system (Photron SA1) [d-j]. 


3.3) The complete experimental set-up: experimental hutch with slits, attenuator, large table, stages, detector, sample mount [p]. 


3.4) Remote control via piezo stages, SPEC for large sample manipulator and camera control software (exposure time, data acquisition, data transfer). 

Part 4: in vivo cineradiography of insects (C. Schmitt, O. Betz, A. Rack)


4.1) Fix the insect with back on cover slip, mount the whole on sample manipulator.


4.2) Pre-align with visible light, place food (soft food compound: honey, homogenized fly larvae to which a iodine containing contrast agent was added) on insect mouth, lock the hutch after search procedure.


4.3) Open X-ray shutter, use fast shutter and short exposure for the final alignment.


4.4) Record sequence, bear in mind limited survival time of insects under the intense ionizing radiation. 


4.5) Download image data.



Part 5: Quantitative analysis of cineradiographic movies (C. Schmitt, A. Ershov)


5.1) Manual screening of the movies with tracking of interesting features using landmarks and subsequent semi-automatic quantitative analysis.


a) Choose relevant sections (ca. 200-500 frames or several complete mouthpart movements cycles) within the sequence.


b) optimization of the sequences image quality using ImageJ


c) build tps-file based on the chosen image sequence (tpsUtil)

d) manual tracking of interesting structures using landmarks (tpsDig2)


e) construction of triangles, whose vertices consist of the landmarks


f) angle and distance calculations within the triangle using trigonometric functions


g) mapping the angles and distances over the time in the form of angle-time-diagrams 


5.2) Analysis of Image sequences using optical flow methods via ImageJ Plugin [s] with movie of the motion field superimposed with original data (see Fig 2)

Part 6: Representative Results: 
good: movie shows chewing from the beginning, e.g. starts more or less when X-rays are switched one, object good pre-aligned = immediately in the field of view of the detector, succesful feeding (food does not fall down or similar), survivical time long enough to image several complete chewing cycles
bad: due to imperfect pre-aligned first frame are lost with putting insect into the field of view, insect dies etc. = no representative and/or complete chewing cycle can be recorded
Discussion: Short discussion on critical steps, possible modifications, applications, significance, etc…

· influence of beam (radiation dose) on insect/results, see [q] as well – does degradation of object in beam plays a major role?

· high speed and imaging opaque objects unique properties only achievable with synchrotron-based high speed cineradiography + inline phase contrast

· future: optimisation on efficiency of detectors, relaxing a bit on resolution and SNR could allow to go up to 1000 FPS (in selected cases)

· Importance of data analysis to extract scientifically important knowledge
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Table of specific reagents and equipment:

	Equipment
	Company
	Catalogue number
	Comments (optional)

	ANKA synchrotron light source
	Forschungszentrum Karlsruhe GmbH / K.I.T.
	-
	access to beamlines via reviewed proposals, see www.fzk.de/anka

	Photron SA1 CMOS camera
	Photron Japan
	-
	to be used in combination with indirect X-ray pixel detector

	CWO, LYSO:Ce scintillator single crystals
	Hilger Crystals UK (raw material), FEE GmbH Germany (polishing)
	-
	highly efficient crystal with high optical quality required for X-ray micro-imaging

	ImageJ software
	Wayne Rasband National Institute of Mental Health, USA
	-
	image processing, data analysis, scripting
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Fig 1: Layout of the TopoTomo beamline at the ANKA light source with photo of the experimental stage showing the high resolution indirect imaging detector as well as the sample manipulator [p].
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Fig 2: Motion field superimposed with original data.








