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Abstract

The main goal of this project is the successful demonstration of very high resolution (VHR) PET for imaging small animals using a degenerate Compton camera. Such an instrument is comprised of two rings: an outer ring which might be a conventional small animal PET based on scintillation detectors, and an inner ring which in our proposal will be made of silicon. If successful, the demonstrations will likely lead to PET instruments having outstanding spatial resolution (~500 μm FWHM) and high sensitivity. Moreover, the concepts can be used to create PET probes for very high-resolution human imaging, including high resolution positron emission mammography (PEM). The proposed work will be broken into three components to accomplish development and testing of various high resolution PET concepts. These include (1) fundamental research on the properties of high resolution PET instruments and demonstrations; (2) investigation of the technologies required for practical scale-up; and (3) development and construction of a 3D PET demonstration instrument having high resolution and enough efficiency for imaging complex phantoms.
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1 Scientific and technological objectives
Recent discoveries in genomics and molecular and cell biology have led to the development and wide use of small animal models of human disease. Imaging instrumentation and methods that permit imaging on the scale of small animals offer an opportunity for biomedical imaging to play an important role in the early detection, diagnosis and treatment of disease. Several dedicated small animal imaging systems have been developed and a few commercialized, although technological hurdles still exist that limit the realization of the full potential of small animal imaging devices for biomedical research and drug development. Progress is needed to improve throughput, sensitivity and spatial, as well as temporal resolution of small animal imaging devices and this represents the main goal of this proposal.

As a specific molecular imaging modality, PET has found increasing use in small animal studies ranging from brain and heart imaging [7-11] to reporter gene expression imaging [12-17] to applications in oncology [18]. And one must appreciate the rate of increase in small animal PET usage over the past several years.

1.1 State of the field

Over the past decade numerous instruments aimed at animal PET have either been developed or are in progress [12, 18-53] and some are commercialized. Table 1 shows the characteristics of some of them.

	
	Field of view (cm)
	Spatial resolution (mm FWHM)
	Sensitivity 

	
	Transaxial
	Axial
	Transaxial
	Axial
	(% efficiency)

	microPET P4
	19
	7.8
	1.81
	1.81
	1.169

	Concorde Microsystems 
	
	
	3.02
	2.52
	

	microPET R4
	
	
	1.66
	1.85
	2.2

	Concorde Microsystems
	
	
	
	
	

	32-module quad-HDAC
	17
	28
	1.03
	1.03
	1.210

	Oxford Positron Systems
	
	
	1.54
	1.54
	

	SHR-7700
	33
	11.4
	2.65
	3.27
	2.311

	Hamamatstu Photonics 
	
	
	5.06
	4.28
	22.812


Table 1. Comparison of the characteristics of three  commercial small animal PET scanners.
1At the center of the FOV. 2At 4 cm from the center of the FOV. 30.125 mm sinogram bin size; point source at the center of the FOV. 40.5 mm sinogram bin size; routine use with animals. 5At the center of the FOV; with wobble in 2D or 3D mode. 6At 8 cm radially off center; with wobble in 2D or 3D mode. 7Cross slices, center of the FOV; 3D mode. 8Cross slices, at 8 cm radially off center; 3D mode. 9Point source acquired using a 410–6130 keV energy window (±20% of the photo peak) at the center of the axial FOV. 10No energy discrimination, line source, corrected for scatter. 11Cylindrical phantom, 2D mode, corrected for scatter. 12Cylindrical phantom, 3D mode, corrected for scatter.

Spatial resolution for first generation small animal PET systems based on scintillation detectors is hovering in the range of about 2 mm FWHM at the present time for a volume resolution of approximately 8 μl, with efficiencies of the order of a few percent. There is, however, a strong desire for both higher efficiency and spatial resolution closer to 1 mm FWHM in 3D, so that tracer concentration in volumes as small as 1 μl can be quantified.

Efficiency can be increased in two fundamental ways: by increasing the solid-angle subtended by the detector or by using thicker, more efficient detectors. Solid-angle can be increased by increasing the axial extent of the ring [32] or by shrinking its diameter. However, resolution can be considerably degraded by unmeasured depth-of-interaction (DOI) in the scintillation detectors if they are too thick or at small diameters.

The trend so far in improving resolution has been the scaling-down of human systems by subdividing the scintillation crystals further to where they are now: typically 2x2 mm for most animal PET systems. To achieve better volume resolution for mouse imaging, there have recently been many efforts in scaling the crystal size down to 1x1 mm and below [20, 23, 26, 55]. Of course, there are numerous other efforts as well aimed at high resolution with scintillators [36, 56, 57]. However, although resolution at the centre might be excellent, it degrades off-axis due to DOI effects. 

Detectors having DOI estimating capability remain a subject of active investigation, in particular those based on scintillators [31, 57-72]. Many of these methods are based on multilayer approaches using individual photodetectors [73] or phoswichs [44, 59, 69-71, 74]. There have recently been several efforts based on position-sensitive avalanche photodiodes (APDs) that have shown good position resolution in reading out long, narrow scintillation crystal [66, 67]: 3-4 mm depth resolution in 1x20 mm crystal [66].

An issue not so conveniently addressed in the quest for improved resolution and efficiency is that the most prevalent interaction of 511 keV photons in any scintillator is scatter (Compton and coherent). As crystals get smaller this may have an impact on the ultimate performance. Using thicker detectors to improve efficiency also results in higher detection rates of the scattered photon (intercrystal scatter or ICS) with increased mispositioning. The effect of ICS is tails in the PSF that extend several millimetres resulting at the very least in a loss in efficiency and, more typically, reduced contrast and noise performance. In general 90% of the coincidences are assigned to the wrong line-of-response (LOR); in systems with multiple independent detector channels and low noise photodetectors, some of the events can be decoded to decode the first interaction point [73] and, even for 1x1x20 mm LSO crystals in a 50x50 mm block, 70% of coincidences are assigned to the wrong LOR. This last figure is important because it has an impact on the performance of block detectors with highly multiplexed electronics that cannot conveniently detect or decode ICS events: position sensitive PMTs or APDs using centroid methods, for example.

There are alternative PET systems that have been proposed. Many will support high resolution through detecting the location of an initial Compton interaction. The HIDAC system [33], the proposed NRL HPGe system [40], RPC PET [75], PET with Cerenkov radiators [76] and PET with CZT [77, 78] are examples. Although novel, many are too slow to sustain the required acquisition rates or lack the ability in their proposed form to discriminate energy. The latter can be an issue since as small animal PET becomes more of a biomedical research tool, the trend will be toward broader use of longer-lived positron emitters such as I-124 and Tc-94m. These longer-lived radionuclides typically emit coincidence gammas as well. If the system is unable to discriminate among photon energies, it will be unable to determine whether interactions are due to annihilation or to detection of coincident gammas.

1.2 Our proposal

The VHR PET concept is shown pictorially in Fig. 1. The instrument is comprised of two rings: an outer ring, which might be a conventional small animal PET scanner based on scintillation detectors, and an inner ring, which can be constructed from a variety of detector materials including silicon, CZT, or event scintillation detectors coupled to newer photodetectors such as silicon PMTs [96]. While the inner ring requires high position resolution and depth-of-interaction information, resolution requirements for the outer ring are more modest. 

The right diagram in Fig. 1 illustrates the concept where we assume the inner detector ring is silicon and the outer BGO. There are three desirable coincidence interactions: most desirable are coincidences in which both annihilation photons interact first in the silicon via Compton scattering and the scattered photons are detected in the outer ring (Si-Si events). The line-of-response (LOR) can be estimated to very high precision (<0.3 mm) from the Compton interactions in the silicon and the photon energy can be obtained by adding the contribution from BGO.  In the least desirable, but still usable, coincidence event, both annihilation photons escape detection in the silicon ring but are detected instead in the outer BGO ring (BGO-BGO events). Resolution in this case is about like common: no better or worse than conventional PET (~2 mm FWHM). The third type of event, a hybrid, is especially interesting. Tying down the end of the LOR close to the field-of-view (FOV) with high precision allows the distal end to flop around considerably without introducing a large spatial error in the FOV. Moreover, acolinearity has a correspondingly small effect. Poorer scintillation detectors can be placed at larger radius to achieve the same resolution.  Reconstruction algorithms have to be developed in order to weight properly the different event classes so that high resolution events dominate or have a higher impact on the final performance, while still keeping  the information carried by the other  event classes.

There is often some confusion regarding this concept but note that it is not a Compton Camera. While Compton interactions in silicon are indeed used to get high precision position information, the measurements recorded are conventional PET lines-of-response. 

The advantages of using silicon are that (1) the Compton-scatter cross section does not decrease significantly with increasing energy, having still good efficiency at 511 keV, (2) of the available detector materials it maximizes the probability of getting a Compton interaction followed by an escape of the scattered photon from the inner ring, and (3) it is a mature technology for fabricating segmented detectors and microelectronics. The advantages of the VHR PET scanner geometry are that (1) there is no depth-of-interaction issue, (2) intercrystal scatters are easily detected and processed, (3) it is straight forward to obtain high spatial resolution throughout the FOV, (4) the tomograph has energy resolution for rejecting coincident gammas from dirty positron emitters, and (5) extensive calculations indicate that the instrument can be scaled to efficiencies at least as high as extant small animal PET systems.[image: image2.png]



1.3 Project goals

Our research focuses on developments associated with the inner detector ring anticipating that conventional small animal PET cameras such as an axially extended microPET P4 (for example) would eventually be used as the outer ring. 

The concept is new and the aim of this project is to demonstrate the feasibility of its implementation taking advantage of the big progress experienced by particle detection and microelectronics technologies in the field of Particle Physics, in particular on semiconductor detectors and their associated read-out electronics, which are the core of the inner detector ring. 

Proposed work will be broken into three components to accomplish development and testing of various high resolution PET concepts. These include 

· fundamental research on the imaging properties of high resolution PET instruments and demonstrations;

· investigation of the technologies required for practical scale-up; and 

· development and construction of a 3D PET demonstration instrument having very high resolution and enough efficiency for imaging complex phantoms.

2 Relevance of the objectives to the LifeSciHealth Priority

The emergence of new animal models that mimic human disorders (neurodegenerative diseases, tumour growth, neuropsyhiatric disorders) have enabled new fundamental and therapeutical approaches to these diseases. Small animals like mice, rats and guinea pigs are being widely used in most areas of molecular biology, toxicology and drug discovery research. Well-characterised models have been developed for a wide range of diseases to offer the possibility of studying their fundamental mechanisms as well as to test potential drugs. 

Labeling of relevant molecules so that their distribution can be visualized in biological systems is a widely used method.  The most commonly used labels are fluorophores, which emit light when stimulated with light of the appropriate wavelength, and radionuclides, which emit gamma rays or beta particles when they decay.  In cell culture and in tissue slices (e.g., in situ hybridization), both radioactive and fluorescent probes are used very successfully to study a whole range of biological problems.  However, these model systems are highly simplified.  The ability to track these “tagged’ molecules in vivo is valuable because it enables the animal to be studied at the level of the whole organism, including the effects of transport, metabolism, excretion, and interactions and signaling between organ systems. 

Radiolabeled molecules (tracers) can be examined in vivo by administering them by injection into a living animal; however, the distribution of these probes is commonly determined by euthanizing the animal followed by tissue sectioning and exposure to film or digital imaging plates (e.g., autoradiography) or direct tissue counting in a radiation detector.  Each animal can therefore provide only a single snapshot rather than a continuous movie of the tracer distribution after injection.  Furthermore, studies that examine the effect of some kind of perturbation on the system (e.g., pharmacological intervention, surgical manipulation, exposure to environmental factors) must use different animals for the control and experimental groups. A complete pharmacokinetic or pharmacodynamic time course, after interventional effects on an animal model over a period of several weeks, can easily require the use of several hundred animals.

It is clear that non-invasive techniques that provide the same or similar information without the need to euthanize the animal have great value. Using PET, the entire whole-body biodistribution of the tracer can be determined in a single imaging study of a single animal. This technique should enable statistically significant biodistribution data to be obtained from a handful of animals, compared with tens or hundreds of animals that might be required for similar study by autoradiography. PET also enables repeat studies in a single subject, facilitating longitudinal study designs and permitting each animal to serve as its own control in experiments designed to evaluate the effect of particular interventional strategy. As each animal serves as its own individual control, the reproducibility of data from imaging studies may actualy be better than those obtained from traditional invasive techniques.

It is thus obvious that a dedicated, very high resolution PET device for small animal imaging offers opportunities to reduce number of animals needed to answer a specific question, to refine experimental protocols by allowing longitudinal within-subject design, and possibly to lower the cost and reduce overall time needed to obtain a result. 

3 Potential Impact

The proposed project would develop a PET apparatus, dedicated to imaging of small animals and based on a novel approach. It would offer significantly improved spatial resolution as compared to presently available apparata. This would not only improve the precision of the studies using PET imaging but could also enable transition from autoradiography and similar techniques to PET imaging in the areas where the currently available PET imaging resolution is considered insufficient. As described in the previous section this would not only reduce the number of the involved animals but also offers potential for significant improvements of the research techniques.

On larger scale, a development of a novel approach to PET imaging with a potential for a significantly improved resolution and reduced sensitivity to DOI effect offers new opportunities for dedicated PET apparata for human imaging, for example brain imaging.

Last but not least, a number of technological solutions developed for a PET apparatus based on Compton camera principle could be directly or indirectly used for development of another imaging modality, SPECT, where a Compton camera approach is also showing a potential for significant improvements over existing systems.

4 The consortium and Project Resources

5 Project Management

The project is developed in the frame of the CIMA collaboration.

6 Implementation Plan

These project aims at demonstrating the feasibility of the VHR PET concept described above as an alternative to scintillation detectors for accomplishing PET with sub-millimetre resolution. 

6.1 Background

The project does not start from scratch and there has been already some progress towards the aforementioned goals.
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Effort has been spent in trying to understand a suitable reconstruction method that takes into account the combination of multi-resolution data [98]. By using a maximum-likelihood (or penalized likelihood approach) all measurements can be considered simultaneously and used to form the single, best –in the ML sense– image.

Likewise, a first proof of concept system has been developed showing quite appealing results. Fig. 2 shows two views of a preliminary setup, a sort of proof of concept design, used to acquire the data presented in Fig. 3.
The system had two 512-pad (32x16 array, 1.4mm x 1.4mm x 1mm thick) silicon detectors manufactured by SINTEF. They were oriented to image a single slice. To cut down background radiation, sources were placed in a shielded cavity and collimated with tungsten to a 1.5mm slice.  To collect the scattered photon for possible energy discrimination and additional timing information, the silicon detectors are flanked by four BGO scintillation detector modules scavenged from a CTI 931 PET scanner. No position information is used from these BGO detectors (although different scintillation detectors will provide additional position information emulating an outer ring in the upcoming work).  Because the detectors do not record the full sinogram, the object must be rotated using the computer controlled rotation stage on the instrument.

Using a laser, detectors were aligned in a plane parallel to that of the slit using pitch and roll adjustments.  The 1mm thickness of each detector was then centred vertically on the open slit.  Line sources were imaged at several rotational positions in the field-of-view and the ML calibration method described above was used to estimate the detector positions relative to one another and to the axis of rotation. 

The ASICs used to readout the sensors, VATAGP3 from IDEAS, suffered from extreme time-walk due to the 200 ns shaper in the fast-channel providing the trigger. That situation forced us to use a 200 ns time-window. Presently the silicon detectors are biased at 100V. This is below their depletion voltage of 180V but is the maximum voltage of the present bias supply. Ordinarily to improve charge collection and timing, it is desirable to operate detectors at biases well over depletion. These detectors have been tested at 500V and exhibit excellent noise performance. Since time-walk not jitter is the major contributor to time uncertainty at this point, it made little sense to change the bias supply for these experiments.  Silicon detectors were operated with ~20 keV trigger threshold.

Depending on the maximum distance of source activity from the isocenter, increments of the rotation stage for data acquisition ranged from 1º to 30º.  For the initial studies we acquired an equal number of events at each view. 
As for resolution, refer to Fig. 3. Shown at the left is an image of two hematocrit tubes filled with F-18 FDG acquired using the Concorde microPET R4. Each of the tubes had an inside diameter of 1.1 mm, wall thickness of 0.2 mm, and were taped so that there was no escape between them, being the separation between the F-18 lines 0.4 mm. Resolution accounting for source and using the MAP reconstruction algorithm that models detector blurring is ~1.6 mm FWHM (volume resolution 4 μl). The centre image shows the same source acquired using the VHR setup shown in Fig. XX and reconstructed using plain-vanilla maximum likelihood with no modelling of  detector response. The two line sources are clearly separated. Accounting for the source size resolution is 0.8 x 0.8 x 0.5 mm (axial) FWHM (0.32 μl). The image at the right is four of the same sources at 5 mm, 10 mm, 15 mm and 20 mm off-axis. In contrast to systems without DOI resolution, performance is nearly constant across the FOV.
Clearly, such a device is quite capable of achieving high spatial resolution. The significant remaining questions are whether it is feasible to scale the technology to appropriate sensitivities (i.e. equivalent or better that present commercial systems), and whether such an instrument can ultimately surpass the noise-resolution trade off implicit in scintillator based systems. We have done significant investigations that lead us to believe these devices will have an advantage. In particular, the configuration can have high sensitivity. Nevertheless, there are many unknowns that are best addressed by developing experimental demonstrations of our predictions. Accordingly, our planned investigations focus on this goal.
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6.2 Outline of implementation

The project life-cycle can be divided, essentially, in three phases, that will define the corresponding workpackages. These include (1) fundamental research on the imaging properties of high resolution PET instruments and demonstrations; (2) investigation of the technologies required for practical scale-up; and (3) development and construction of a 3D PET demonstration instrument having very high resolution and enough efficiency for imaging complex phantoms.

6.2.1 WP 1: Fundamental research on the imaging properties of a VHR PET

	WP number
	1
	Start date or starting event
	

	Title
	Fundamentat research on the imaging properties of a VHR PET 

	Participat id
	
	
	
	
	
	
	

	Person-months
	
	
	
	
	
	
	


The goal is to construct a system capable dditional aspects of very high resolution PET including energy resolution and reconstruction from multi-resolution experimental data.

The technical and scientific goals are:

· Development of Monte Carlo simulation methods for predicting system performance, including geometry optimization and impact of background 
· Develop a more flexible and complete benchtop VHR PET system that will be useful for demonstrations using existing as well as new silicon detectors developed in this project.

· Calibrate and interface position-sensitive second detectors to the benchtop system for a complete demonstration of the geometry shown in Fig. 1.

· Develop a data acquisition system for diverse experimental PET setups

· Implement 2D multiresolution maximum penalized likelihood reconstruction for the test bench

· Perform phantom imaging studies to demonstrate multiresolution acquisition and reconstruction, energy resolution,  spatial resolution <1 mm FWHM, and ability to use Compton kinematics to reject scatter and randoms.

6.2.1.1 Development of Monte Carlo models

Over the past several years we have developed numerous Monte Carlo codes for evaluating various types of Compton and conventional imaging systems based, mainly, in EGS4 and Geant 4, with improved low-energy modelling. We plan to extensively use Monte Carlo modelling in nearly all aspect of the instrument design. In particular, it will be used for (1) evaluation of different detector pad sizes (e.g. How small does the pad size need to be to not significantly contribute to resolution while still keeping the number of readout channels low),  (2) integration of low-energy models into simulation to accurately describe the processes (e.g. include Doppler broadening into Geant4), (3) precise modelling of detector response, (4) design of data acquisition electronics including anticipated silicon singles and coincidence count rates, etc., (5) evaluation of data processing strategies such as use of Compton kinematics, (7) modelling of background processes as from uptake in adjacent organs, and (8) predicting the efficiency and resolution of each Compton PET configuration.

6.2.1.2  Develop a flexible high resolution PET test bench

The suggested test bench will provide experimental evidence that corroborates predictions of the Monte Carlo calculations. It will also serve as a test bed for the new detector packaging and readout technologies developed as part of WP 2. A very preliminary unit has already been constructed, as shown in Fig. 2, and was used for the results shown in Fig. 3.
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The test bench will be similar to that shown in Fig. 2 but augmented to include position-sensitive scintillation detectors at larger radii as shown pictorially in Fig. 4.

The system will be highly flexible, allowing the use of different shielding configurations, different detectors in different positions, etc. For flexibility the unit will be constructed atop an optical table. This provides a very flat surface and allows the use of widely available optical mounting hardware. Because the partial detector will not cover the full angular range, a computer controlled rotary table will be used to rotate the source to emulate a full ring. 

Data acquisition electronics and software will be upgraded as new devices become available in the course of our investigations.

6.2.1.3 Calibrate and interface position-sensitive scintillation detectors 
6.2.1.4 Develop a data acquisition system

6.2.1.5 Implement reconstruction methods

6.2.1.6 Perform phantom imaging studies 
6.2.2 WP 2: Investigation of the technologies required for practical scale-up of the inner ring

	WP number
	2
	Start date or starting event
	

	Title
	Investigation of the technolgies required for practical scale-up of the inner ring

	Participat id
	
	
	
	
	
	
	

	Person-months
	
	
	
	
	
	
	


The workpackage goal is to find the adequate technologies that would allow for a practical scale-up of the silicon inner ring to appropriate sensitivity. his includes methods for reading out a large number of detector channels, and the development of ASICs having improved timing performance as well as refinement of the requirements for detectors and readout electronics.  Work conducted in this part will use tools and the benchtop developed in WP1 for evaluation and testing.

The technical and scientific goals are:

· Refine detector and front-end electronics requirements.

· Refine data acquisition system requirements.

· Evaluate technologies for achieving detector element sizes on the order of 0.5-1.0 mm and multi-detector stacks with high volume of active detector in comparison to inactive materials.
· Develop next generation VATA circuits with improved timing performance.

· Fabricate detectors for testing packaging technologies. Construct detector/readout ASIC hybrids. Test noise and incorporate into imaging system constructed in part 1Design and implement front-end readout system for detector stacks.

· Select final detector design and test readout, coincidence, and other DAQ electronics.

6.2.2.1 Improve and procure readout electronics

A new dedicated run of VA-TA readout chips at IDEAS is planned to include improvements to some of the observed deficiencies of their current multi-purpose chip. Special emphasis will be dedicated to increase substantially the timing resolution.
6.2.2.2 Design and procure silicon detectors, build and test detector modules
Depending on simulation results and experience from WP1, sensors with optimized geometry will be procured, possibly benefiting from extended capability of vendors to process thicker wafers. Detector modules will be constructed and evaluated. Final performance will be tested in the benchtop system of WP1.
6.2.3 WP 3: Development and construction of a 3D PET demonstrator

	WP number
	3
	Start date or starting event
	

	Title
	Development and construction of a 3D PET demonstrator.

	Participat id
	
	
	
	
	
	
	

	Person-months
	
	
	
	
	
	
	


The goal is the Development and construction of a 3D PET demonstration instrument having very high resolution and enough efficiency for imaging complex phantoms. Based on the test bench developed in WP 1 and with the results of the investigations of WP 2, create a partial-ring Compton PET demonstration system having spatial resolution better than 1 mm FWHM. A key objective of the investigation is to provide information regarding the potential efficiency and performance of a full-ring device.

The proposed tasks are:

· Develop two densely-packed detector stacks for a more complete demonstration of the concepts prior to scale-up.

· Implement readout electronics and data acquisition software.

· Implement 3D penalized maximum likelihood reconstruction software.

· Characterize performance, compare with Monte Carlo predictions, and extrapolate performance to a full-ring system.
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Figure � SEQ "Figure" \*Arabic �1�. The very high resolution (VHR) PET concept. Right: VHR PET instrument consists of a conventional scintillation detector outer ring into which is inserted a solid-state detector ring having high spatial resolution in 3D. Left: Diagram showing very high resolution (Si-Si), high resolution (Si-BGO) and low resolution (BGO-BGO) event classes.








�  �


Figure 2: Experimental setup for high resolution PET data acquisitions.  Left: disassembled showing silicon detectors, tungsten slice collimation, shielded source cavity, and rotating table.  Laser is used to align silicon detectors coplanar with tungsten slit.  Right: assembled device showing source shielding, protective plastic boxes for silicon detectors and position-insensitive BGO detectors (“end-caps”) for improved timing and energy resolution.
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Figure � SEQ "Figure" \*Arabic �4�: . Proposed test bench, top and side views








Figure � SEQ "Figure" \*Arabic �5�: . Project plan
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Figure 3: F-18 sources in two adjacent hematocrit tubes for MicroPET R4 (left) and for high resolution PET test system shown in Fig 2. Tubes have an internal diameter of 1.1mm and wall thickness of 0.2mm.  MicroPET reconstructed using MAP algorithm; prototype high resolution PET using maximum likelihood with a simple system matrix that does not account for finite detector size.  Resolution correcting for source size is approximately 1.6mm FWHM for MicroPET R4 and 800µm FWHM for new instrument.  Image at right is of similar sources at 5mm, 10mm, 15mm, and 20mm off-axis.  Note the relatively constant (and high) resolution.  If it cannot be seen in reproduction, the sources in the center and right images are clearly separated whereas there is no apparent separation of those on the left.  
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