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Version #20: Gordon, R. (2010). Stop Breast Cancer Now! Imagining imaging pathways towards search, destroy, cure and watchful waiting of premetastasis breast cancer [invited]. In: Breast Cancer: A Lobar Disease. Eds.: T. Tot, Springer: in press.



Stop Breast Cancer Now! Imagining Imaging Pathways Towards Search, Destroy, Cure and Watchful Waiting of Premetastasis Breast Cancer Richard Gordon Department of Radiology, University of Manitoba Winnipeg, MB R3A 1R9 Canada [email protected] “Progress in breast cancer… usually occurs by ‘gilding the lily’ – generating incremental improvements – as opposed to the introduction of dramatic new innovations (Freya Schnabel, personal communication, 1998)” (Lerner, 2001). Introduction Tibor Tot has given me an unusual opportunity via his request to summarize my work in computed tomography, which indeed since 1977 has been directed towards eliminating the scourge of breast cancer via search and destroy of premetastasis tumors, instead of the predominant, century old magic bullet approach (Strebhardt & Ullrich, 2008). I have had the strange career of a theoretical biologist (Figure 1) on a continent where theoretical biology as a paid discipline died with James F. Danielli, discoverer of the bilayer structure of the cell membrane, and once Director of the Center for Theoretical Biology at the State University of New York at Buffalo and founding editor of the Journal of Theoretical Biology (JTB) (Danielli, 1961; Rosen, 1985; Stein, 1986). Danielli became part of my story, which I will tell in the spirit of the wonderful biography of Louis Pasteur written by his lifetime laboratory assistant (Duclaux, 1920). Lacking such a long term companion to my train of thought, this shall have to be unabashedly 1



autobiographical, with all the risks attendant to that form of literature. I shall try to be honest to you, the reader, and true to myself. If we consider the vast gossamer of activity in science, and CT (computed tomography) in particular, my own path is but one thread through that web, but the one I know best. Nevertheless, when I use “I”, please take it as shorthand for “I and my cited collaborators” where appropriate. My world line has crossed that of many others, who have enriched my journey, and made it possible. This includes George Gamow, Mr. World Line himself (Gamow, 1970), both of us sitting in on a meteorology course in Boulder, Colorado about 1968, and later his son Igor at Woods Hole and Boulder regarding trying to model the growth of Phycomyces (Ortega, Harris & Gamow, 1974). 3D Electron Microscopy I was introduced to the problem of “reconstruction from projections” when I met Cyrus Levinthal (Levinthal, 1968), my future postdoctoral supervisor (Department of Biological Sciences, Columbia University), at the Marine Biological Laboratory, Woods Hole, Massachusetts, in 1968, where I took the Embryology Course the following summer, a year later. Cyrus very wisely posed the problem of getting the 3D structure of a protein molecule from a tilt series of electron microscope images, without telling me that anyone else was working on it. The intersection of embryology, my first career (Gordon, 1966), with breast cancer and Tot, is told in the Foreword to this book (Gordon, 2010). Let me just say that Woods Hole is a cauldron of intellectual activity every summer. While there in 1969, I also heard a talk by Albert Szent-Györgyi (Szent-Györgyi, 1960, 1972) on banana peels, redox reactions and cancer, whose story of being turned down by NIH for a one-line grant application “I want to find a cure for cancer”, after he received the Nobel prize, was conveyed to me on a long walk with Shinya Inoué (Inoué et al., 1986). This was seminal in my long and continuing battle to democratize science and prevent peer review from suppressing innovation (Gordon, 1993; Poulin & Gordon, 2001; Gordon & Poulin, 2009a, b) as a member of the Canadian Association for Responsible Research Funding (Forsdyke, 2009). Indeed, peer review is what has slowed my work on detection of breast cancer more than any other factor, and forced most of it to be theory rather than testing of that theory with real equipment and patients. This accounts for the word “imagining” in my title.
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To reduce the selectiveness of my memory of events and my own thought process, I will go through my relevant papers in roughly chronological order, using them to weave this story, commenting on them in retrospect. The work with Cyrus Levinthal, 1968-69, was done on an expensive computer that would probably not stand up to any later hand held electronic calculator in speed, the latter device long since absorbed itself into laptop computers and cell phones. Thus I had to be satisfied with attempting to reconstruct an array of numbers that could barely portray an image: 10x10 pixels. I worked with parallel projections, and came to think of the rows of parallel rays as if they were tracks for the tongs of a rake pulling pebbles across a Japanese rock garden (Figure 2). This conception may have come to me before or during a seminar by Aaron Klug that Levinthal sponsored, in which Klug talked about his Fourier approach to reconstruction from projections. That was the first time I knew anyone else was working on the problem. As Klug was much my senior, this created some sense of competition and importance of the problem beyond its intrinsic interest. We were to cross swords later. At the time, few proteins could be crystallized, a necessary step for 3D reconstruction by the Fourier methods of x-ray crystallography championed by Max Perutz with his determination of the 3D structure of hemoglobin (Perutz, 1990; Perutz, 1998). Levinthal’s goal was to open all proteins to structural determination via 3D electron microscopy, without the need for crystallization. Klug’s approach to reconstruction from projections clearly grew out of the crystallography tradition, as did that of Ramachandran (Ramachandran & Lakshminarayanan, 1971), but mine did not (Figure 2). Perhaps the visit of a Japanese artist to the Art Institute of Chicago, where I took lessons when I was in my early teens, was in the back of my mind. In Search of Phantoms In computed tomography we have always been faced with the problem of suitable phantoms, i.e. images of precisely known structure that nevertheless reasonably represent the real problem of determining the unknown structure (barring vivisection) of tissues within an individual person. There were no algorithms for generating complex pictures in those days, such as we now take for granted in 3D animation, rendering and fractals. In New York, I did manage to get access to some of the first satellite pictures of clouds, whose textures I imagined might roughly represent that of cloud-like electron 3



micrographs of 30 nm wide protein images, which were themselves generally casts in uranyl acetate stained with osmium tetroxide (a fixative I learned to handle with respect in Levinthal’s lab). During that brief academic year I also learned about nuclear emulsions and their ability to track single emitted particles when used for autoradiography, and tried to visualize vitamin B6 with a field ion emission microscope, a wonderful instrument in which He ions create the image one by one of all the activity on the tip of a metal needle on a phosphorescent screen, in the laboratory of Eugene S. Machlin (Machlin et al., 1975). Individual tip atoms, magnified a million times without optics, could be seen in real time using a photomultiplier tube. Earlier I had viewed the electron microscopy images of single uranium atoms and evidence of their diffusion in the lab of Albert V. Crewe (Wall et al., 1974; Isaacson et al., 1977) when I was an undergraduate at the University of Chicago. He later cited my CT work (Crewe & Crewe, 1984). In retrospect, I can see that these “hands on” experiences, watching single atoms move, got me used to the idea of building up images from one quantum (particle or photon) at a time. I didn’t solve the raking problem until I moved on to the Center for Theoretical Biology in Buffalo, where I postdoced with Robert Rosen because of a mutual interest in morphogenesis (Goel et al., 1970). Rosen gave me the academic freedom to pursue whatever I wanted. Confused about the difference between “computer center” and the new field of “computer science”, I asked Computer Science Assistant Professor Gabor Herman about how to get computer time, and told him about the reconstruction problem I wanted to continue working on. A week later he was working on it, so I decided to collaborate with him. In this computer science milieu, the raked pebbles were replaced by raked bits, whose sums had to add up to given projections, and thus we soon submitted our first paper on a Monte Carlo approach to reconstruction from projections that actually worked (Gordon & Herman, 1971). For a test pattern (phantom), in the spirit of the American civil rights movement of the time, I took a photographic print of a young black girl named “Judy”, taken by Judith Carmichael, whose husband Jack was my host for a 1968 summer postdoc (Gordon, Carmichael & Isackson, 1972), and found a lab with a photometer. I moved the print to 2500 positions and read the voltmeter 2500 times, to produce a 50x50 pixel image. This was my
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first satisfactory phantom. Faces make good phantoms because we are so attuned to seeing distortions in them, making artifacts stand out. While a number of increasingly sophisticated computer simulated breast phantoms have been produced (Taylor & Owens, 2001; Bakic et al., 2002b, a; Bliznakova, Bliznakov & Pallikarakis, 2002; Taylor, 2002; Bakic et al., 2003; Bliznakova et al., 2003; Hoeschen et al., 2005; Bliznakova, Kolitsi & Pallikarakis, 2006; Reiser et al., 2006; Zhou et al., 2006; Shorey, 2007; Han et al., 2008; Li et al., 2009), I prefer the real thing (O’Connor et al., 2008). Perhaps the best x-ray phantom, the ultimate in “ground truth”, would be a 3D map of the atomic composition of a breast, because x-ray absorption and scattering are primarily atomic and not molecular quantum phenomena. For the same reason, such a phantom would serve almost as well for MRI (magnetic resonance imaging), but not for ultrasound or electrical impedance tomography (EIT) or MRS (magnetic resonance spectroscopy), which measure molecular properties. I would like to propose that we create such “atomic breast phantoms“ with petrographic methods. If we sectioned a cadaver breast, removing or etching away one planar slice after another, and imaged the exposed face of the remaining specimen, then we could get 3D data. Cooling or freezing might be needed during sectioning to have sufficient tissue rigidity. This would also preserve the tissue from bacterial degradation. To get atomic composition and do the etching, the ideal would be to put the open face in a large SIMS (Secondary Ion Mass Spectrometer), and get the full atomic composition at each voxel over the whole face (Hallégot, Audinot & Migeon, 2006). Voxel size should be chosen to be below the target resolution of any future 3D breast imaging modality (see below). The Origin of ART Robert Bender (Bender & Duck, 1982) joined the Center for Theoretical Biology as a graduate student, and we became close friends. I had long been aware of the outstanding problem of protein synthesis from the University of Chicago work of Victor Fried (Haselkorn & Fried, 1964) when we were both undergraduate students there in the Department of Biophysics, and later graduate students together at the University of Oregon. The problem boiled down to the questions of what are ribosomes and how do they work? I had done a Monte Carlo simulation of ribosomes moving along messenger RNA (Gordon, 1969). Bender contacted David Sabatini (Sabatini, 2005) and obtained a tilt series of electron micrographs of ribosomes from him. In the 5



meantime, I had realized, probably because of my thesis work with Terrell L. Hill in statistical mechanics, that the Monte Carlo approach to reconstruction from projections (Gordon & Herman, 1971) had a deterministic average, which could be expressed by a set of simultaneous linear equations. This new approach needed a name. Bender and I loved to pun incessantly. He came up with Fast Algebraic Reconstruction Technique, which I toned down to ART, pleased with that acronym because I had been raised by an artist (Gordon, 1979a). Boris K. Vainshtein (personal communication, 1972) (Vainshtein, 1971) later told me with delight that the acronym ART works in Russian too (and that he too was Jewish, while I used my opportunity in the Soviet Union to attend a Refusnik seminar with other members of the Committee of Concerned Scientists). ART Intended for Storage Tubes (ARTIST) later became the name of my first PET (Positron Emission Tomography) algorithm (Gordon, 1975c, 1983b). ARTIST used coincidence events (pairs of simultaneously emitted gamma rays travelling in opposite directions) and was my first published foray into imaging with single quantum events, producing a plausible reconstruction of a phantom with only 1000 events. It was later made more sophisticated, using density estimation methods, by Barbara Pawlak (Pawlak & Gordon, 2005; Pawlak & Gordon, 2009). See below. Youth Pursuing a Nobel Prize There was urgency to our work, because we felt we were about to crack the problem of ribosome structure and function, the big molecular biology prize of the day. Being in my 20s, a bit more full of myself than I think I am now, I rehearsed my Nobel Prize speech in my head, or considered the chutzpah of declining it for long forgotten reasons associated with my opposition to and joining protests against the Vietnam War. In fact, Hill and I, earlier, had an escape route to Sweden planned for me, to work with physical chemist Hugo Theorell, in case I got drafted. I had already just escaped the draft with the aid of my first graduate advisor, Aaron Novick (Novick & Szilard, 1950). But Bender and I had a problem: how to display our results? I had mastered overprinting, to the point of once slicing across a half meter wide ink ribbon (cf. (Gordon, Silver & Rigel, 1976)). Overprinting is the long forgotten skill of halting a chain printer so that more than one character struck the same spot. But the results were poor in terms of image quality. Bender located a 6



prototype computer image printer at Xerox headquarters in Rochester, New York, which unfortunately only read paper tapes. So we drove from Buffalo to Ottawa with magnetic tapes, in Bender’s car with a broken radiator that required frequent refilling with water, converted it to paper tapes at the National Research Council, and then drove to Xerox, where they allowed us to stay overnight reading in the paper tapes and printing our pictures. The result was two papers, back to back, on the theory of ART and its application to ribosomes, in Danielli‘s Journal of Theoretical Biology (Bender, Bellman & Gordon, 1970; Gordon, Bender & Herman, 1970), and the images for the earlier Monte Carlo work, which appeared subsequently (Gordon & Herman, 1971). In the course of writing these I came to realize that the same method should work for x-rays, and thus included the naive “…and x-ray photography” in the title of the theory paper, as “radiography” was not yet in my active vocabulary. That was the beginning of my medical career: “In body-section radiography (Kane, 1953) the X-ray source and the film are moved in a coordinated fashion so that only one plane in the patient in between does not blur out. If our methods were used instead, the X-rays need only go across the plane of interest. The tissues above and below need not be exposed. By photometric reading of a fluorescent screen, the intensities could be passed directly to a small computer, and the reconstructed section displayed on a television screen within a minute or so. In effect, our methods provide rapid cross-sectioning of an object, without cutting.… The new method is easily generalized to nonparallel rays, which may occur in X-ray photography” (Gordon, Bender & Herman, 1970). We did not attract the attention of the electron microscopists working on ribosomes. For example, we knew we could have reconstructed the structure of various subsets of ribosome components (Nomura, 1987), to build a 3D map of where each was located. But divorces, collapse of the Center for Theoretical Biology, and dispersion of my collaborators killed the project. I moved on to NIH (U.S. National Institutes of Health), with the help of Hill, who had moved there himself, and in 1972 became an “Expert” in the Mathematical Research Branch, National Institute of Arthritis, Metabolism and Digestive Diseases. While I made an attempt to deal with arrays of ribosomes with Marcello Barbieri (Barbieri et al., 1970), my request to set up a densitometer facility at NIH just led to hostility, as a proper flatbed 7



scanner (now $50) cost a good fraction of a million dollars at that time. Although in my early 30s (born 1943), with a hiring freeze in long effect, I was a mere impudent youngster at NIH. Dose Reduction in CT Important lessons for radiology came out of this work from the electron microscopy. The electron beam damaged the ribosomes, which was apparent from the decreasing contrast in a tilt series (Bender, Bellman & Gordon, 1970). Thus I learned directly about the consequences of dose, though my attitudes towards ionizing radiation had also been set by a high school essay on the first nuclear bomb (Gordon, 1960). For reconstruction from tomography, the fewer views the better, in terms of dose. On the other hand, for a given total dose, this meant that there is an optimization problem to be solved, as: Total dose = dose per view x number of views This brings us right back to the quantum imaging problem, as a large number of noisy views, with few photons per view (in the limit, just one photon or quantum event per view, as in the ARTIST algorithm (Gordon, 1975c, 1983b)), might prove optimal. But this requires an algorithm that is less noise sensitive than ART or FBP (filtered backprojection). So finding the optimal number of views is still an open problem. The idea that CT dose reduction could be achieved through better algorithms (Gordon, 1976a) rather than just adjusting patient positioning, exposure and collimation parameters (Vock, 2005) with the onus placed on the radiologist (Imhof et al., 2003), has yet to have any impact in medical practice, perhaps because the CT algorithm (including raw data correction (Pan, Sidky & Vannier, 2009)) is regarded as a proprietary and mathematically obscure black box. The only company secret that CT manufacturers may have is that they have not done due diligence for dose reduction. Governments’ approach seems to be to legislate the laws of physics (Krotz, 1999). Most of my work has focused on a few low noise views, a regime in which the ART algorithm does well, and much better than FBP (Herman & Rowland, 1973; Barbieri, 1974; Gordon & Herman, 1974; Barbieri, 1987). I have done CT with as few as three views. This was forced by our simple design of the first nevoscope to measure the depth of nevi (Dhawan, Gordon 8



& Rangayyan, 1984b), the major prognostic factor for melanoma. While using just three views is undoubtedly suboptimal, my intuition suggests that for mammography we may find that 10 to 30 views do just fine (cf. (Wu et al., 2003; Sidky, Kao & Pan, 2006; Herman & Davidi, 2008; Pan, Sidky & Vannier, 2009)). If correct, this leads to the possibility of a CT scanner configuration consisting of a fixed array of a few x-ray sources aimed at detector arrays (Gordon, 1985a). The Mayo Clinic Dynamic Spatial Reconstructor consisted of 28 rotating x-ray sources (Altschuler et al., 1980), so these numbers are plausible. The extra cost of the x-ray sources might be more than offset by the scanner having no moving parts. Another lesson came from the limited tilt range then available for the tilt stage in electron microscopes: images could indeed be reconstructed without a full 180o angle range, but they had anisotropic resolution that had to be accounted for. The answer of how to do this came some time later, from the nevoscopy work, as described below. More Equations than Data It became clear, with the CT problem seen as simultaneous linear equations, that we had far fewer equations than unknowns, yet could still get reasonable reconstructed images, as judged by their comparison with the original phantom. In other words, when reconstructing n2 pixels for an n x n picture, we could use m projections, where m << n (<< means “much less than”). In contrast, Klug’s Fourier approach was to interpolate in Fourier space, which required uniform sampling of views around the specimen at closely spaced angular intervals. The ground was set for conflict: “DeRosier & Klug (DeRosier & Klug, 1968) have given a Fourier method for the reconstruction of three-dimensional objects from electron micrographs. Unfortunately, there are limitations on their method, which make it practical only for highly symmetrical objects [for which one view provides data for many]. They estimate that in order to obtain a 30 Å reconstruction of a 250 Å ribosome, electron micrographs would have to be taken at approximately 30 different angles, on a stage capable of tilting ±90°. This number of pictures, if taken by ordinary electron microscopy, would destroy the ribosome and cover it with a thick layer of dirt from the microscope chamber. We will present an entirely new, direct method, an Algebraic Reconstruction Technique (ART), which has the following advantages 9



over the Fourier method: (1) the ART method works readily for completely asymmetric objects; (2) it produces considerable detail of such objects with only 5 to 10 views; (3) ordinary tilting stages may be used, since the views may be taken over a relatively small range of angles (± 30o); (4) computing time is approximately 30 seconds per section on a Control Data 6400; (5) small computers may be used, since little storage is required; (6) ART is directly applicable to macroscopic X-ray photography, and should require considerably less radiation than present methods of body-section radiography (Kane, 1953).… 30 views over a 180o span would… correspond to solving for the ρij’s on an 8 x 8 grid. It is clear that we are doing considerably better than this with only five views over a 60o span [on a 50x50 pixel image]” (Gordon, Bender & Herman, 1970). Klug attacked with a long rebuttal of our work submitted to Danielli for publication, but also widely distributed as a preprint around the world. Danielli had been upset by how his friend, Maurice H.F. Wilkins (Wade, 2004), had been sidelined in the hoopla over the structure of DNA (even though he received the Nobel Prize with James Watson and Francis Crick), and Klug was from the same community. But Danielli’s only action was to delay publication of Klug’s letter long enough to give us a month to respond in the same issue of JTB. In the meantime, Klug submitted a much toned down version. We responded by quoting from the original, because of the preprint distribution. To Klug’s “ART and science” (Crowther & Klug, 1971) we argued forcibly that “ART is science” (Bellman et al., 1971). We included a few nonverbal jabs, reconstructing an image of Klug taken from a Time Magazine issue, one of a fashion model who had accompanied Bender on a visit to Klug before this episode, who had unnerved him, and mitochondria in the shape of a star of David, as Bender, Klug and I are all Jewish. Finally, S.H. Bellman, our lead author, was the bellman in Lewis Carroll’s epic poem “The Hunting of the Snark”. He had been our mascot, as computer programming errors in our SNARK program, of which I wrote the early versions in Fortran II (Herman, 2009), often produced images that were “a perfect and absolute blank” (Carroll, 1876). In retrospect, we may have delayed Klug’s Nobel Prize (Klug, 1983), which was well deserved for much fine structural work on viruses, and I think we gained his respect, despite our young age, as he was cordial when we finally met years later. Klug even published a variant on ART (Crowther & Klug, 1974). His complicated and dose hungry Fourier algorithm was apparently not used 10



beyond his own laboratory, and ART was established as one way to solve the reconstruction problem. Putting ART in its Place In the face of our chutzpah, we were to be humbled a bit too, when mathematicians later pointed out that ART, at least in its linear form, was a special case of Kaczmarz’s general method for solving simultaneous linear equations (Kaczmarz, 1937; Groetsch, 1999), its publication predating our births. However, the nonlinear positivity constraint (equivalent to saying that a patient does not emit x-rays) has proven to be of paramount importance, including in the parallel field of deconvolution of spectra (Jansson, 1984; Jansson, 1997). Furthermore, Geoffrey Hounsfield came up with an ART-like algorithm independently, which was used in the first commercial head scanner by his company, EMI (Hounsfield, 1973, 1976). Computers were very slow in the 1970s, and computing time was one roadblock to patient throughput, which, given the $1 million price tag on what came to be known as CAT (computerized axial tomography) or later CT (computed tomography) scanners, was of major concern. The ART algorithm at that time took 10x as much computer time as the filtered backprojection algorithm (FBP), and furthermore a high speed special purpose computer could be built for the FBP, hard wired for the recently discovered fast Fourier transform (FFT) (Cooley & Tukey, 1965). The history of FBP went back to physicist Allan Cormack (Cormack, 1963, 1964) and x-ray crytallographer G.N. Ramachandran (Ramachandran & Lakshminarayanan, 1971; Subramanian, 2001). This algorithm is a numerical solution to Radon’s equation (Radon, 1917), which itself is a generalization of Abelian integration conceived around 1830 by Niels Henrik Abel (Houzel, 2004). We can now think of Abel’s integral equation (Gorenflo & Vessella, 1991) as the math for CT of a cylindrically symmetric object, and indeed it has had long use in the investigation of the structure of cylindrical flames (Daun et al., 2006), though now being replaced by CT (Chen, Wu & Wang, 1997). Cormack (Cormack, 1980) got the Nobel Prize along with Hounsfield (Hounsfield, 1980). One group that was overlooked designed a CT scanner much earlier than Hounsfield, which unfortunately was never built (Kalos, 1961).
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ART was used in the first paper on magnetic resonance imaging (Lauterbur, 1973), which led to the Nobel Prize for Paul Lauterbur, but it was later dropped for Fourier methods. It is used inside of medicine for cardiac imaging (Nielsen et al., 2005), ultrasonic diffraction tomography (Ladas & Devaney, 1991, 1993), metal artifact reduction and local region reconstruction (Wang et al., 1996; Wang, Vannier & Cheng, 1999), PET (Matej et al., 1994), and nevoscopy (Maganti & Dhawan, 1997), and outside of medicine for the solar corona (Saez et al., 2007), the ionosphere (Cornely, 2003; Wen et al., 2008), plasma physics (Kazantsev & Pickalov, 1999; Wan et al., 2003), proton tomography (Li et al., 2006), crystal grain boundaries (Markussen et al., 2004), Bénard patterns (Subbarao, Munshi & Muralidhar, 1997a), thermally nonuniform fluids (Mishra, Muralidhar & Munshi, 1999), nondestructive testing (Subbarao, Munshi & Muralidhar, 1997b), spectroscopy (Song, Hu & He, 2006; Song et al., 2006), tracer gas concentration profiles (Park et al., 2000), electron microscopy of thick sections (Jonges et al., 1999), etc. Process tomography, in which one images complex flows possibly changing over time, also makes use of ART (Fellholter & Mewes, 1994; Lee, Jung & Kim, 2009; Zhang et al., 2009). In answer to the mathematical purist, one could at least suggest that ART brought the Kaczmarz method into wide use. I never gave up on ART, as it faded from medical practice due to the speed of FBP, because of its versatility and demonstrated superiority with small numbers of views (Herman & Rowland, 1973; Barbieri, 1974; Gordon & Herman, 1974; Barbieri, 1987). These properties of the algorithm may be the key to dose reduction and thus breast screening by CT, which later became my primary goal. ART persisted mostly as an academic exercise for many others, who have generated a literature of perhaps a few hundred papers and some books, such as (Marti, 1979; Herman, 1980; Eggermont, Herman & Lent, 1981; Trummer, 1981, 1983; Andersen & Kak, 1984; Byrne, 1993; Watt, 1994; Garcia et al., 1996; Mueller, Yagel & Cornhill, 1997; Marabini, Herman & Carazo, 1998; Mueller, Yagel & Wheller, 1998; Guan et al., 1999; Mishra, Muralidhar & Munshi, 1999; Kak & Slaney, 2001; Donaire & Garcia, 2002; Byrne, 2004; Kaipio & Somersalo, 2004), many honestly mathematically over my head. It made a comeback as “cone beam ART” (Donaire & Garcia, 1999; Nielsen et al., 2005), because of the failure of the Feldkamp FBP algorithm (Feldkamp, Davis & Kress, 1984) to handle the increasing cone angles between x-ray source and the array of detectors, as the number of rows of detectors kept increasing from 2 (Hounsfield, 1973) to 320 (Pan, Sidky & Vannier, 2009). This is because ART can handle any 12



geometry whatsoever (Gordon, 1974). It can also be run on parallel computers, and my 1970s dream (Gordon, Herman & Johnson, 1975) of running it on the harbinger 64 processor Illiac computer has been far exceeded on later parallel machines (Fitchett, 1993; Garcia et al., 1996; Rajan & Patnaik, 2001), backed by much new theory (Byrne, 1996; Censor & Zenios, 1997), including some I influenced (Martin, Thulasiraman & Gordon, 2005). Selling ART and Proselytizing CT Bender and I presented our results to electron microscopists (Gordon & Bender, 1971c) and started flogging our ideas for medical imaging to companies like Raytheon, Optronics and Xerox, but with no takers. In retrospect, Hounsfield’s success came about because he (Hounsfield, 1973) was teamed up with a neurosurgeon (Ambrose, 1973, 1974) (and did not have to seek grant support), whereas we and the earlier group of mathematicians (Kalos, 1961) were not then in medical circles. While we knew that “looking inside” the body was important, we had little depth of understanding why. But we learned. While at NIH I had opportunities to travel to Switzerland (Gordon & Bender, 1971b; Gordon, 1972), Vienna (Gordon, Rowe Jr & Bender, 1971), and Moscow (Gordon & Kane, 1972), where I visited crystallographer Boris K. Vainshtein. Vainshtein had devised simple optical additive reconstruction methods using film, mathematically identical to classical tomography and rotation tomography (Takahashi, 1969), but made one crucial observation that has yet to be deliberately applied in computed tomography: the point spread function of fully 3D CT is much sharper than that of 2D (Vainshtein, 1971): 1/r2 versus 1/r, where r is the distance from any given point in the image (making deconvolution that much easier). See Figure 3. Any CT where the data is reconstructed plane by plane or slice by slice is therefore using far more x-ray dose than necessary (Gordon, 1976a). I was involved in two premature attempts to give a course on CT ( (Gordon & Bender, 1971a) and one with Z.H. Cho): no one registered. (Shortly after courses proliferated, as the EMI scanner caught on.) So instead I published a tutorial (Gordon, 1974), a full review of algorithms (Gordon & Herman, 1974), a popular article (Gordon, Herman & Johnson, 1975), and organized a session (Gordon & Lauterbur, 1974) and then a conference (Gordon, 1975a) on the wide range of applications of CT that were developing. The 13



latter included the first comprehensive (and perhaps last such possible) bibliography on reconstruction from projections (Gordon, 1975b). Because I was once an amateur astronomer, I was especially delighted to end up with a world tour of radio astronomy observatories, a field which used much the same math to reconstruct its images (Gordon, 1978b). Radio astronomers also contributed to medical CT (Bracewell, 1977). I extended CT to the functioning of the brain itself, with visual receptive fields acting like rays in mental reconstruction of the image that falls on the retina (Gordon & Hirsch, 1977; Gordon & Tweed, 1983), and reached out to people interested in any and all applications of CT (Gordon & Rangaraj, 1981). My own presentation at the “Reconstruction from Projections” meeting (Gordon, 1975c) introduced the idea of reconstructing an image from one photon or particle at a time, i.e., a scanner would record one quantum event, and alter the image, before going to the next. The context was positron emission tomography (PET). The ordinary approach at that time was to place PET on the Procrustean bed of ordinary CT algorithms, define a ray as a strip through the patient between two detectors, and count the number of coincidence events falling into that strip. The result was a noisy, streaked reconstruction, due to the huge Poisson statistical fluctuations in these counts and the sensitivity of ordinary CT algorithms to noise. The detector widths had to be large (1-2 cm), reducing spatial resolution, not simply because they were expensive, but also because smaller detectors would produce noisy data well beyond the capacity of the CT algorithms. But in the ARTIST algorithm for PET, I envisaged the problem as one of estimating the location of the annihilation event along the coincidence line, an approach very much closer to the physics. The location chosen was influenced by the locations of the previously placed points, in a bootstrap manner. Barbara Pawlak later formalized and improved this approach using the now matured branch of statistics called density estimation (Pawlak & Gordon, 2005; Pawlak, 2007; Pawlak & Gordon, 2009). New depth-of-interaction (DOI) detectors make it possible to localize each gamma ray within the detector (Shao, Yao & Ma, 2008), so that the coincidence line is much more sharply defined than the detector width. The ARTIST concept also indirectly inspired a new approach to x-ray CT in which the scattered photons are additional sources of 3D and tissue composition data instead of being discarded (Bradford, Peppler & Ross, 2002), potentially recorded one by one by energy discriminating detectors (as I learned was being done in x-ray astronomy (Garmire et al., 2003) 14



(Porter, 2004)), permitting reconstruction of two images: absorption coefficient and electron density (Van Uytven, Pistorius & Gordon, 2007; Van Uytven, Pistorius & Gordon, 2008), and further work is in progress on using scattered photons rather than discarding them by collimation or filtering (Alpuche Avilés, 2008). The Challenge of Classical Tomography It is worthwhile at this point to take a look back at classical tomography. Based on film, it always had superior and exquisite spatial resolution compared to CT. In fact, Hounsfield and Ambrose’s first brain section CTs (Ambrose, 1973; Hounsfield, 1973) were inferior to rotational tomography brain sections produced in the 1940s (Takahashi, 1969). The first prototype breast CT scanner (Chang et al., 1977; Chang et al., 1978) washed out the images of microcalcifications by a factor of 24,000 because of its large volume elements (1.56 mm x 1.56 mm x 10 mm) compared to their 0.1 mm diameter. Despite claims that it doesn’t matter (Nab et al., 1992; Karssemeijer, Frieling & Hendriks, 1993; Pachoud et al., 2005), we still have not achieved the resolution of film in digital mammography let alone CT (Chan et al., 1987; Nickoloff et al., 1990; Brettle et al., 1994; Kuzmiak et al., 2005; Yaffe, Mainprize & Jong, 2008), except in microCT for small animals, i.e., with scanners far too small for the human body to fit in, and subjects for whom total radiation dose is a secondary consideration. In the late 1970s attempts were made to overcome this spatial resolution limitation by doing CT from sinograms recorded directly onto film (Gmitro et al., 1980), but film scanner technology, then called microdensitometry, was itself then very expensive and labor intensive, so this step backwards in instrumentation did not bring us forwards. Underdetermined Equations My undergraduate degree was in Mathematics from the University of Chicago, where I had taken a course on linear algebra from Alberto P. Calderón (Christ et al., 1998). Thus I was keenly aware that in CT with ART we were taking the unusual step of solving for many more unknowns than we had equations. It may have been his belief that this was “impossible” (personal communication, 1974) that constrained Hounsfield’s use of his ART-like algorithm to the overdetermined case, i.e., many more projections than necessary, and this attitude may be the original cause of the high dose of CT to patients, because commercial medical scanners until recently have 15



not deviated in concept from EMI’s lead in turning away from ART to FBP. In terms of dose for equivalent image quality: ART with fewer views << overdetermined ART is about the same as FBP. The consequences have been a significant increase in dose to populations due to CT (Huda, 2002; Linton & Mettler Jr, 2003; Dawson, 2004; Prokop, 2005; Bertell, Ehrle & Schmitz-Feuerhake, 2007; Colang, Killion & Vano, 2007). I did my own “back of the envelope“ calculation a few years ago, given in the next section. Breast CT may end up being the leader in correcting this situation, because no one has advocated any higher dose for 3D screening than the 2 mGy that has become the practice in ordinary mammography (Spelic, 2009). For example, Boone demonstrated that high-quality, high-resolution (0.3 x 0.3 x 1.2 mm voxel) CT images could be acquired of the pendant breast at a mean glandular dose (MGD) equivalent to two-view mammography for women with breasts compressed to 5 cm (Boone et al., 2003), when using a very high x-ray beam kVp typical of that of a body CT (120-140 kVp) (cf. (Chen & Ning, 2002), so we have a hopeful, if not yet optimal, example. Synchrotron radiation, with the promise of future 10x dose reduction, has yielded DEI-CT (diffraction enhanced imaging CT) slices with voxels 0.047 x 0.047 x 0.3 mm (Fiedler et al., 2004). As image quality of standard mammography has saturated, apparently reaching its limits (Spelic, 2009) (Figure 4), we can anticipate that further progress in image quality per x-ray dose requires a switch to 3D CT. The problem with “underdetermined” equations is not that they have no solution, but on the contrary, that they have an infinity of solutions. This provides a potential source of error and consequences to the patient, if we generate or select the “wrong” solution. This may not be the esoteric problem it seems, for the CT/pathology correlation is not perfect (Turunen, Huikuri & Lempinen, 1986; Zwirewich, Miller & Muller, 1990; March et al., 1991; Murata et al., 1992; Bravin et al., 2007), and we do not yet understand why and when CT misses some features. In fact, Kennan Smith (personal communication, 1980) began his work on CT when a neurologist friend had a patient who he was sure had a tumor, but none was revealed by CT (cf. (Herman & Davidi, 2008)). This observation led to Smith’s Indeterminacy Theorem (Smith, Solmon & Wagner, 1977; Gordon, 1979c; Leahy, Smith & Solmon, 1979; Hamaker et al., 1980; Gordon, 1985a): “A finite set of radiographs tells nothing at all” (Smith, Solmon & Wagner, 1977), which he thought could be overcome by the positivity and other a priori constraints (Smith et al., 1978). This idea has recently been echoed: 16



“It is fine to have an under-determined system of equations as long as there are some other constraints to help select a ‘good’ image out of the possibly large nullspace of an imaging equation” (Pan, Sidky & Vannier, 2009). Walking in Hyperspace My earlier approach to dealing with underdetermined equations (Gordon, 1973) harkened back to my electron microscopy experience. If we knew a priori that we were looking at examples of single protein molecules, then any image made of two disconnected parts was a priori an artifact. Now, I have generally eschewed the field of pattern recognition, leaving the interpretation of images to radiologists, and specified my job as giving them the best possible image to look at. Thus I created an approach that would let a radiologist explore a CT image to test, to some extent, whether lesions in a CT image reconstructed from underdetermined equations were potential artifacts or real. The multiple solutions to the ART equations lie in what a mathematician calls a hyperplane, so I set off to do what I called “an intelligent walk in the hyperplane”. This would allow the radiologist to bring to bear knowledge of anatomy and pathology of any sort, i.e., a priori information well beyond the simple positivity constraint. I started with the ART image, and then erased one feature in it. The resulting image was no longer a solution to the equations, but it could be used as the initial image for restarting the ART algorithm, which would then converge back to the hyperplane, but to a different place in it. If the feature disappeared, then we could deem it a possible artifact, because the x-ray data was consistent with it being there or not. In other words, we would discover that there are two solutions, one containing the feature, and one not, undermining our confidence that the feature might be real. On the other hand, if the feature reappeared, that fact would increase our confidence that it might be real. While this may seem to be a lot of work, modern pattern recognition programs (Gavrielides, Lo & Floyd Jr., 2002; Nandi et al., 2006) could be used to automate the process, creating a “confidence map” for each feature seen in a CT image. It will be interesting to compare this highly nonlinear pattern recognition approach with recently developed statistical inverse methods that generate alternative solutions to the equations from different samplings of matrices containing white noise (Kaipio & Somersalo, 2004).
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Population Dose of CT The main disadvantage of x-rays is that they cause cancer. Thus screening must be done with at least the guideline that we detect and cure more cancers than we cause (Bailar III, 1976). It is therefore mandatory that we find every means to maximize the image quality to x-ray dose ratio (Gordon, 1976a) while staying within acceptable limits to total dose and skin dose. Whether this prevents us from attaining the target size of 2-4 mm (see below) can only be determined by making the attempt, by pushing x-ray CT to its limits. To appreciate the seriousness of the problem of maximizing the image quality to x-ray dose ratio, consider what is happening in general radiology. About 15% of the population exposure to ionizing radiation comes from the practice of medicine (Ron, 2003). Computed tomography accounted for 5% of radiological examinations in Germany in 1999, but was already responsible for 40% of the x-ray dose (Kalender, 2000). USA figures rose from 4% of procedures with 40% dose due to CT in the mid-1990s to 15% with 75% of the dose due to CT in 2002 (Wiest et al., 2002). This means that the average CT study delivers 16 times the dose of the average non-CT x-ray procedure and that the total x-ray dose to the population had by 2002 already increased four times per person over that before CT came into significant use. The calculation proceeds as follows. Let Di = CT dose at time i Ni = the number of CT studies at time i d = non-CT dose n = the number of non-CT studies Ti = total population dose at time i From (Wiest et al., 2002) we have: D1/(D1+d) = 0.4 at time 1 (mid-1990s) N1/(N1+n) = 0.04 18



D2/(D2+d) = 0.75 at time 2 (2002) N2/(N2+n) = 0.15 These lead to: D1/N1 = 16 d/n D2/N2 = 17 d/n which are quite consistent, where we are assuming no change in the number n or dose d of non-CT studies. We also obtain: D2 = 3d so that T2 = D2 +d = 4d One might anticipate that CT is reducing the use of non-CT procedures, making these figures slight overestimates. However, there was actually a slight increase in non-CT procedures (Rehani, 2000). This rapid increase in the use of x-ray computed tomography (Prokop, 2005) (“CT has become the major source of population exposure to diagnostic Xray” (Hatziioannou et al., 2003)) is of particular concern in pediatric CT (Linton & Mettler Jr, 2003), since children are more sensitive than adults to induction of cancer by radiation (Brenner et al., 2001), especially breast cancer (Li et al., 1983; Rosenfield, Haller & Berdon, 1989; Donnelly & Frush, 2001; Berdon & Slovis, 2002; Brenner, 2002; Linton & Mettler Jr, 2003). The same reservations may apply specifically to the breasts of premenstrual women, which contain proliferating cells (Ferguson & Anderson, 1981; Vogel et al., 1981; Going et al., 1988; Dabrosin et al., 1997; Dzendrowskyj et al., 1997), suggesting that x-ray imaging should be done at a time in the menstrual cycle of minimal cell proliferation (Bjarnason, 1996). On the other hand, the claim that breast surgery should be timed to the menstrual cycle has been disproved (Kroman, 2008; Thorpe et al., 2008; Grant et al., 2009). Other reasons to gate imaging to the menstrual cycle are to minimize the effects of changing volume (Malini, Smith & Goldzieher, 1985; Fowler et al., 1990; Graham et al., 1995; Kato et al., 1995; White et al., 1998; Hussain et al., 1999) and tissue properties 19



(Ferguson & Anderson, 1981; Vogel et al., 1981; Nelson, Pretorius & Schiffer, 1985; Malberger et al., 1987; Going et al., 1988; Ferguson et al., 1990, 1992; Graham et al., 1995; Simpson et al., 1996; Dabrosin et al., 1997; Dzendrowskyj et al., 1997; Zarghami et al., 1997; Cubeddu et al., 2000). Focus on Breast Cancer Detection I don’t recall exactly what got me started on the application of CT to breast imaging, but when I proposed to a large NIH audience of 500 or so people that we could screen women to detect small tumors, and it would take only a week of computing time per exam, I was greeted with derisive laughter (Gordon, 1976b). One must have a thick skin. I suppose that I responded in my characteristic way (as I did later (Gordon, 1989) when shunned for my calculations on the effectiveness of condoms to halt the spread of HIV/AIDS (Gordon, 1987)), with the first attempt at an algorithm that tried to deal head on with the very high resolution needed for breast CT, while keeping the computer time plausible (Gordon, 1977) and with the first lesson on dose reduction in CT for the medical community (Gordon, 1976a). I did verbal battle with physicists over what resolution CT could achieve (Gordon, 1978a, 1979c). I was thus bitten by the bug of how to catch breast cancer early, and by that awful burden of being certain that, if only people would listen, so many lives could be saved. One must have a skin that is not too thick. Mammography unfortunately seems to have more than its share of opinionated hot heads, who in the long run impede the health of the women they serve: “During my presentation, I described the tough issues of balancing the benefits for the few versus the harms for the many, and I suggested that maybe screening does not benefit the premenopausal woman at all. Despite my role in establishing the National Screening Programme when I was Chief of Surgery at King’s College London in 1988, my comments were not well received, and, as the audience stormed out on me in a paroxysm of pique, I learned a painful lesson that day that some topics, particularly breast cancer screening, do not lend themselves to polite and rational scientific debate” (Baum, 2004). I moved to the University of Manitoba in 1978 and got wound up in the local issue, common also in developing countries, of radiologists being in urban 20



centers and the need for teleradiology to serve remote and rural communities. As this was well before the Internet, transmission of images over phone lines using acoustic couplers was quite a feat. I upped the ante by proposing we could do CT remotely, even of breast, by transmitting just the projection data (mammograms acquired over a few angles), and doing the reconstructions and diagnoses centrally (Rangayyan & Gordon, 1982b). We actually set up transmission from Brandon to Winnipeg (about 200 km) and tried it out (Gordon & Rangaraj, 1982). Failing local support, I took the project to China, where it collapsed when my collaborators there disbursed after the Tiananmen Square massacre. With the vidicon TV cameras and 512x512 8-bit digitization that we could afford then (digital cameras started at $50,000), this effort would never have been clinically significant. The vain attempt was closed out just before the Internet started (Gordon, 1990). In retrospect, I had taken my own step backwards in an attempt to create proof of principle for the unconvinced with inadequate technology. Combining Imaging Modalities One step forward that was “in the air” was that of combining imaging modalities in one scanner. At first people worked on registering, say, an MRI image with the CT image of the same slice, but it was obvious that the mechanical rigidity of a coaxial or simultaneous scanner was superior. I had proposed such to a group of PET/nuclear medicine clinicians while at NIH, and we have, for instance, PET/CT scanners nowadays. I later proposed that, however done mechanically, the data itself be taken into a “higher space” (Gordon & Coumans, 1984). The example I gave was dual-energy CT, yielding two absorption coefficients for each pixel, (X1,X2), combined with MRI, say yielding the two relaxation coefficients (T1,T2). Tissue signatures from each modality might be sufficient to identify the tissue or tumor in the image. However, the cross product of the two 2D spaces is a 4D space, (X1,X2,T1,T2), in which we could anticipate additional correlations that would allow finer discriminations. By analogy with 2D versus 3D mammography itself, the 2D data spaces are projections from a higher 4D data space, and as such contain overlaps of clusterings that obscure detail. These correlations have to be worked out empirically, a research project for the future of image/pathology correlation of a higher order.



21



Deconvolution of CT Images and Adaptive Neighborhoods Rangaraj Rangayyan, my postdoc on the teleradiology project, and I had two other adventures that have proved seminal. First, we tackled the problem of anisotropy in CT done from a limited angle range, by deconvolution methods (Gordon & Rangayyan, 1983; Gordon, Dhawan & Rangayyan, 1985; Soble, Rangayyan & Gordon, 1985); second, we invented adaptive neighborhood image processing for suppression of streaking artifacts in CT caused by high contrast objects (metal implants, bones, or microcalcifications) (Rangayyan & Gordon, 1982a) and created a similar method to imitate the high dose xeromammogram from a digitized image of a mammogram, i.e., at no additional dose (Gordon & Rangayyan, 1984a, b; Dhawan, Buelloni & Gordon, 1986a, b; Dhawan & Gordon, 1986). Adaptive neighborhoods became a subfield of image processing (Jiang, Guan & Gordon, 1992; Sivaramakrishna et al., 2000; Rangayyan, Alto & Gavrilov, 2001; Vasile et al., 2004). Wiener Deconvolution Deconvolution proved most successful in Atam Dhawan’s hands, in which he deconvoluted the point spread function (PSF) of a CT algorithm itself. This is the blur function that Vainshtein clarified (Vainshtein, 1971) (Figure 3), but now made specific to the algorithm and geometry (set of views) at hand. For example, a circular disk phantom reconstructed with a limited angle range of views comes out as an ellipse, which it seemed one could just “pat” back together into a circle. We made the bold (i.e., mathematically false) assumption that the image produced by a CT algorithm could be thought of as an anisotropic blurring of a single PSF (of the pixel in the middle of the image) applied to the whole of the real image we sought. We therefore used Wiener filtration to deconvolute the point spread function from the CT image (Dhawan, Rangayyan & Gordon, 1984, 1985). The result was spectacular: Dhawan’s wife’s face (Figure 5a), not even recognizable as such in the limited range ART reconstruction (Figure 5b), sprang forth after Wiener deconvolution (Figure 5c) (Dhawan, Rangayyan & Gordon, 1985). We had achieved a major improvement over ART, itself an improvement over FBP, with no increase in patient dose. The algorithm was applied to extremely limited projection data using light microscopy, for estimating the thickness of a nevus (Gordon, 1983a; Dhawan, Gordon & Rangayyan, 1984b, a; Dhawan, Rangayyan & Gordon, 1984), the main prognostic factor for melanoma. No one has worked on this algorithmic approach since, and I 22



am still waiting to find someone to build a robotic skin scanner for screening for early melanomas, which should be simpler than breast, because those that are premetastasis are not obscured by overlying tissue. There are three problems with our Wiener deconvolution that need further research. First, the point spread function is not actually spatially invariant, as we had assumed. This could be tackled by Toeplitz matrix methods designed to correct aberrations in optics (Nagy, 1993), such as occurred when one component in the Hubble orbiting telescope was put in backwards, or by other approaches (Baker, Budinger & Huesman, 1992; Beekman, Kamphuis & Viergever, 1996). Second, ringing artifacts were introduced into the image, which could be suppressed (Ruttimann, Qi & Webber, 1989; Hu et al., 1991; Zhou et al., 1993; Schlueter et al., 1994; Sijbers & Postnov, 2004). Third, the deconvolved image is not a solution to the projection equations, but perhaps by using it as a starting image for an iterative CT algorithm such as ART, convergence to an image that is both deconvolved and satisfies the equations may be possible (Gordon, 1973). Empirically, all CT algorithms based on solving simultaneous equations usually produce images that look similar. The Wiener solution is startlingly different. ART has been shown to produce the solution that minimizes the Euclidean distance between the unknown image and the reconstruction (Kaipio & Somersalo, 2004), while MART yields an image of maximum entropy (Lent, 1977; Dusaussoy & Abdou, 1991; Lent & Censor, 1991). They thus fall into the category of what mathematicians call regularization algorithms (Bertero & Boccacci, 1998; Engl, Hanke & Neubauer, 2000). Yet Wiener deconvolution shows that regularization actually produces the wrong solution. Thus CT may pay back to mathematics some new insights. Registration of Longitudinal Images Our Wiener filtration work was presented (Dhawan, Rangayyan & Gordon, 1985) at a workshop on industrial CT that I organized (Gordon, 1985b), which gave me a chance to summarize my thoughts about limited view CT (Rangayyan, Dhawan & Gordon, 1985) and how to get to detection of small breast tumors (Gordon, 1985a). It was becoming clear that a 3D breast image might have many false positive “lesions”, and a bit later we learned that some small tumors regress (Nielsen et al., 1987; Nielsen, 1989). Furthermore, especially because most are not vascularized, one could assume that the signature of small tumors might not be much different from 23



that of the adjacent normal tissue. So the only signature that we could rely on is consistent growth. To spot this, we must accurately register two longitudinal images of the breast (taken some time apart, at the “screening interval”), a “soft object” that one cannot put into a rigid scanner the same way each time, and then digitally subtract the images one from the other. I proposed a complex registration algorithm based on iterative use of a hardware geometric warper, a special purpose computer that had recently been marketed (Gordon, 1985a). I set off on a long search for a robust 3D image registration algorithm that would work for breast using only internal, local, 3D texture, which should be unique at each neighborhood of a voxel. This involved the Ph.D. thesis work of three consecutive students. Xiaohua (now Albert) Zhou and I reviewed the field (Zhou & Gordon, 1989) and then proceeded to develop a method to create fiducial marks using Zernicke polynomials, which could then be used to generate the geometric warping for a pair of 3D breast images from multiple fiducial points (Zhou, 1991). Andrzej Mazur, looking over Xiaohua‘s shoulder, decided he could do away with fiducial marks, with a simulated annealing approach (Mazur, 1992; Mazur, Mazur & Gordon, 1993). Radhika Sivaramakrishna used what we called the starbyte transformation to segment a breast image into regions that could be matched between longitudinal images (Sivaramakrishna & Gordon, 1997b; Sivaramakrishna, 1998). We produced a vivid photographic demonstration, by using the cartoon character Waldo, of how registering and subtracting images could make a tumor stand out, but only if we dropped 2D mammography and imaged in 3D (Gordon & Sivaramakrishna, 1999). Some of this work was carried out with Anthony (Tony) Miller as co-investigator on the only major grant I ever received for breast cancer research. Without such senior support, the general impression I had of the peer review process for breast cancer imaging was: “show us the pictures, then we’ll fund you to produce them”, i.e., a Catch-22 (Heller, 1961). Parliamentary testimony (Gordon, 1992) had no impact on this situation. By the time I was satisfied that 3D registration of longitudinal breast images was practical, we were “also rans” (Sivaramakrishna et al., 1999; Sivaramakrishna, 2005c; Guo et al., 2006). But there is still registration work to do. It is “plausible to compare the two images during data collection, so that a difference-image is acquired at considerably lower dose than the original. If the patient's digital image records were preserved, she or he could be subject to such incremental radiology from then on” (Gordon, 24



1979b). This is analogous to efficient transmission of video (Burg, 2003) or compression of serial sections (Lee et al., 1993), in which only the parts of the image that have changed from one frame to the next are sent. Methods for reduction of structural registration noise in the difference image (Knoll & Delp, 1986; Gong, Ledrew & Miller, 1992; Bruzzone & Cossu, 2003) could also be useful during such incremental radiography. Longitudinal registration might make it possible (Mazur, Mazur & Gordon, 1993; Liu et al., 2006) to detect zero contrast tumors by the local distortion of breast tissue texture (Chang et al., 1982; Shaw de Paredes, 1994; Stomper, Mazurchuk & Tsangaris, 1994; Goldberg & Dwyer 3rd, 1995; Maes et al., 1997) of normal tissue that they cause. This 4D (four dimensional: 3D + time) approach might extend the detection of architectural distortion, which has been shown to be an often missed sign of early breast tumors using longitudinal pairs of unregisterable 2D mammograms (Rangayyan, Ayres & Desautels, 2005; Ayres & Rangayyan, 2007; Banik, Rangayyan & Desautels, 2009). One curiosity of the period up through the early 1990s was a resistance to 3D imaging for breast from the biggest protagonists of standard projection mammography. Their publication records demonstrate their late awakening, with the zeal of new discovery, though most breast imaging investigators still genuflect to standard mammography by calling it the “gold standard”. I call it the lead (Pb) standard (below silver and bronze). But the net result of the standard mammography enthusiasts’ attitudes was to suppress funding for 3D imaging of breast for decades, not just for me but for others quite independent of my work, so that breast imaging joined the 3D world much later than just about any other branch of radiographic imaging, and is still in its infancy. For example, “No trials of screening average-risk women specifically evaluating the effectiveness of [2D] digital mammography [let alone of 3D x-ray CT] or [3D] MRI have been published” even though they “have become widely used” (Nelson et al., 2009). Two mass delusion phenomena, of stasis in the flatland (Abbott, 1899) of standard 2D mammography, and the role of women’s breast cancer activist groups in ignoring the delay in 3D breast imaging, are worthy of study by the sociologist of science: “To the extent that current methods of detection and treatment fail or fall short, America’s breast-cancer cult can be judged as an outbreak of mass delusion, celebrating survivorhood by downplaying mortality 25



and promoting obedience to medical protocols known to have limited efficacy” (Ehrenreich, 2001). I used to support and help out at “runs for the cure” but stopped when I realized that most of the money goes for the status quo, and tried to suggest to women that they have to do the research themselves. Those few who understood what I was saying soon died of their breast cancers. The other trouble with such “runs” is that they focus on women with advanced breast cancer. Few get excited about prevention or screening, because those who need these approaches have no symptoms, nor have they generally had to deal with breast cancer in their lives. Yet “the cure” may lie in focusing on asymptomatic women. Faster and Better ART We learned how to speed the ART algorithm itself, so that it almost converges in three or so iterations (Guan & Gordon, 1994a; Guan & Gordon, 1994b; Guan & Gordon, 1996; Guan, Gordon & Zhu, 1998; Colquhoun & Gordon, 2005b). It is amazing how many decades it took to discover the simple trick of reordering the projections so that consecutive ones were nearly perpendicular, instead of processing them sequentially by angle, and so FBP was unchallenged for decades in speed. Now, in a twist of the tale, my collaborator Glen D. Colquhoun has preliminary evidence that full 3D ART does not require any analogous trick. Elzbieta Mazur found that rotating each pixel so that its projection was a simple rectangle rather than a trapezoid surprisingly improved ART reconstructions. This of course had to be done to a different angle for each projection (Mazur & Gordon, 1995). Our blatant disregard for the usual assumption of rigidity of a pixel led to the notion that, as in pointillism (Düchting, 2001), the exact shape, size, orientation and position of a pixel hardly matter when an image is viewed from a far enough distance. We plan to put this concept to work. We also found that multiplicative ART (MART) images could be sharpened by raising the correction to a power (PMART = Power MART), which to our surprise had a critical value at which the computation became chaotic (Badea & Gordon, 2004). This effect was later explained, leading to an “extended PMART” algorithm (Yoshinaga et al., 2008).
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Extrapolating Epidemiology to Take Aim at Small Breast Cancers Watching Miller do battle defending the results of the Canadian National Breast Screening Study (Baines et al., 1986; Burhenne & Burhenne, 1993; Mettlin & Smart, 1993; Miller, 1993; Baines, 1994; Tarone, 1995; Bailar III & MacMahon, 1997) made me aware of the importance of epidemiology to solving the breast cancer problem. I was also aware of the huge impact on the practice of standard mammography made by epidemiologist John Bailar in the 1970s (Bailar III, 1976; Lerner, 2001), resulting in a 7-fold reduction in dose (Spelic, 2009) (Figure 4). I thus came to use epidemiological data, extrapolated to smaller breast tumor sizes than were observable, to try to understand how small a tumor we should aim at imaging to have an impact on the disease. The result was startling: detecting 4 mm tumors with 100% efficiency and destroying them should halt breast cancer 99.6% of the time (Sivaramakrishna & Gordon, 1997a). As commercial x-ray CT was approaching 0.5 mm resolution, and detectors at 0.05 to 0.1 mm were becoming common in digital radiography, this seemed an attainable goal. To bolster my confidence in the result, as extrapolations of data are always dangerous, I collaborated with epidemiologists to check it against alternative data sets (Sun et al., 1998; Chapman et al., 1999; Sun et al., 2002; Verschraegen et al., 2005; Vinh-Hung & Gordon, 2005). The result held: if we could search for and destroy breast tumors in the 2-4 mm size range, we would, in effect, eliminate the disease as a major killer. Most such tumors have not yet, or not yet successfully, metastasized. Planning a Race Between Imaging Modalities I conceived of a race between imaging modalities to target premetastasis tumors, and got involved in magnetic resonance imaging (MRI) (Tomanek et al., 2000) and electrical impedance tomography (EIT) (Murugan, 2000). While the cost of breast MRI and the poor resolution of breast EIT (which I think may be due to using orders of magnitude too few electrodes, recently only 128 (Ye et al., 2008) to 256 (Cherepenin et al., 2002)) are obstacles to their adoption for 3D screening mammography, as both are harmless compared to x-ray CT, I believe they should be pursued to their physical limits. Here is a sampling (cf. (Suri, Rangayyan & Laxminarayan, 2006)) of mostly recent references to an undoubtedly incomplete list of the incredible variety of physics being (or perhaps that should be) applied to breast imaging:
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• CT laser mammography (Yee, 2009) • EIT (Electrical Impedance Tomography) (Cherepenin et al., 2002; Prasad & Houserkova, 2007; Chen et al., 2008; Halter, Hartov & Paulsen, 2008; Steiner, Soleimani & Watzenig, 2008; Ye et al., 2008), including current reconstruction magnetic resonance EIT (Gao & He, 2008; Ng et al., 2008) and EIT spectroscopy (EIS) (Choi et al., 2007; Kim et al., 2007a; Poplack et al., 2007; Karellas & Vedantham, 2008) • Microwave imaging (Fang et al., 2004; Chen et al., 2007; Chen et al., 2008; Hand, 2008; Kanj & Popovic, 2008; Karellas & Vedantham, 2008; Pramanik et al., 2008), radar (Poyvasi et al., 2005; Flores-Tapia, Thomas & Pistorius, 2008), microwave imaging spectroscopy (MIS) (Poplack et al., 2007; Lazebnik et al., 2008) and dual polarization methods (Woten & El-Shenawee, 2008) • Microwave-induced thermoacoustic scanning CT (Nie et al., 2008) • Molecular and nanoparticle imaging (Rayavarapu et al., 2007), including quantum dots (Park & Ikeda, 2006; Chang et al., 2008) • MRI (Magnetic Resonance Imaging) (Kuhl, Schild & Morakkabati, 2005; Park & Ikeda, 2006; Brenner & Parisky, 2007; Kim et al., 2007b; Hand, 2008; Karellas & Vedantham, 2008; Yee, 2009) and magnetic resonance spectroscopy (MRS) (Smith & Andreopoulou, 2004) • Multi-frequency trans-admittance scanning (TAS) (Oh et al., 2007) • Near-infrared spectral tomography (NIR) (Poplack et al., 2007) • Neutron stimulated emission computed tomography (Bender et al., 2007) • Optical imaging (Huang & Zhu, 2004; Park & Ikeda, 2006; Karellas & Vedantham, 2008; Konovalov et al., 2008; Lazebnik et al., 2008; Fang et al., 2009) including transillumination (Blyschak et al., 2004; Simick et al., 2004) • PET (Positron Emission Tomography)or PEM (Positron Emission Mammography) and PET/CT (Pawlak & Gordon, 2005; Jan et al., 2006; Park & Ikeda, 2006; Aliaga et al., 2007; Brenner & Parisky, 2007; Prasad & Houserkova, 2007; Shibata et al., 2007; Tafra, 2007; Thie, 2007; Yang, Cho & Moon, 2007; Zhang et al., 2007; Karellas & Vedantham, 2008; Bowen et al., 2009; Wu et al., 2009; Yee, 2009), perhaps combined in MagPET with strong magnetic fields to constrain the range of the positrons before annihilation (Iida et al., 1986; Rickey, Gordon & Huda, 1992; Hammer, Christensen & Heil, 1994; Burdette et al., 2009), which could be used to increase the resolution of PET/MRI (Cherry, Louie & Jacobs, 2008; Judenhofer et al., 2008) 28



• Photoacoustic tomography (Pramanik et al., 2008) • Proton and heavy ion CT (IonCT) (Holley et al., 1981a; Holley et al., 1981b; Muraishi et al., 2009) • SPECT (Single Photon Emission CT) (More et al., 2007; Karellas & Vedantham, 2008) and scintimammography (McKinley et al., 2006; Li et al., 2007; Prasad & Houserkova, 2007; Spanu et al., 2007; Thie, 2007) • SQUID (Superconducting Quantum Interference Device) (Anninos et al., 2000) and SQUID MRI (Clarke, Hatridge & Mössle, 2007) • Thermoacoustic tomography (Pramanik et al., 2008) • Tomosynthesis (Karellas, Lo & Orton, 2008; Karellas & Vedantham, 2008; Dobbins, 2009; Gur et al., 2009; Yee, 2009) • Ultrasound (US) (Huang & Zhu, 2004; Brenner & Parisky, 2007; Karellas & Vedantham, 2008; Yee, 2009) • Ultrasound elasticity imaging (elastography) (Bagchi, 2007; Garra, 2007) and vibro-acoustography (Alizad et al., 2005; Silva, Frery & Fatemi, 2006) • Ultrasound reflection tomography (Steiner, Soleimani & Watzenig, 2008) • X-ray CT by diffraction-enhanced or phase sensitive imaging (Bravin et al., 2007; Karellas & Vedantham, 2008; Zhou & Brahme, 2008; Kao et al., 2009; Parham et al., 2009) • X-ray CT using scattered photons with energy discrimination (Van Uytven, Pistorius & Gordon, 2007; Van Uytven, Pistorius & Gordon, 2008) • X-ray CT (Chen & Ning, 2003; McKinley et al., 2006; Kalender & Kyriakou, 2007; Kwan et al., 2007; Li et al., 2007; Karellas, Lo & Orton, 2008; Karellas & Vedantham, 2008; Lindfors et al., 2008; Nelsona et al., 2008; Yang et al., 2008; Yee, 2009), potentially with monochromatic (McKinley et al., 2004) or dual energy imaging (Kappadath & Shaw, 2005; Bliznakova, Kolitsi & Pallikarakis, 2006), especially using synchrotron radiation (Fabbri et al., 2002; Pani et al., 2004) These references include many dual imaging techniques, some of them iterative with interlacing of two modalities to improve the images from each. A matrix of methods would reveal that only a few potential pairs of imaging modalities have been considered so far. Combining three or more modalities at once would also be technically feasible. 29



Some researchers are inhibited by the current costs of these novel methods. On the one hand, such worries come from a lack of historical perspective, in that all high technologies cost much to develop, after which the unit cost plunges. But even if, for example, an MRI screening continues to cost $1000, the argument boils down to: what’s a woman’s life worth? With the motivation of establishing a race between breast imaging modalities (the real “run for the cure”), I organized what I hoped would be a series of conferences, the Workshops on Alternatives to Mammography (WAM), that would terminate when the scourge of breast cancer ended. Unfortunately only two were held, in Winnipeg in 2004 (Colquhoun & Gordon, 2005b; Sivaramakrishna, 2005b, a) and Copenhagen in 2005, the latter led by Tot. Perhaps a professional society with a focus on breast cancer, prepared to take aim at search and destroy of premetastasis tumors, should take this on. Future 0: Foxels and 7th Generation CT for Breast Screening At WAM2 Colquhoun and I introduced what we called “reverse cone beam” imaging (Colquhoun, Gordon & Elbakri, 2004; Colquhoun & Gordon, 2005a). This is based on the observation that over the past decades, while the focal spot of an x-ray tube has not decreased much, the size of the detector elements has fallen precipitously. Thus, while x-ray imaging is generally conceived of as a cone of radiation coming from a point source spreading over the patient, from the point of view of a detector pixel, it “sees” a focal spot often 10x wider than itself. The ray shape is thus that of a reverse cone beam. To take advantage of this situation, we divided the focal spot into an array of emitting pixels, about the same size as the detector elements, called them foxels, and our current research is to write computer code to carry out this very fine deconvolution during iterative reconstruction, which promises to substantially increase the spatial resolution, with no increase in dose. Michael J.A. Potter has joined us as a collaborator on this problem (Potter, Colquhoun & Gordon, 2009). We have also gone back to my old approach of the intelligent walk in the hyperplane of solutions (Gordon, 1973), and conceive of CT as a meta-algorithm, in which standard CT algorithms (ART, MART, perhaps even FBP, etc.) are interleaved between iterations with each other and various image processing and pattern recognition operations. This metaprogramming approach may permit us to combine Wiener filtration, alternative ART and other algorithms, image enhancements, image segmentation, foxel deconvolution, determination of feature reliability, etc., 30



for optimal search and eventual destruction of premetastasis tumors. Finally, in order to come as close as possible to Vainshtein’s ideal of isotropic imaging with 1/r2 PSF (not quite achievable for breast because of the chest wall), our code allows arbitrary positioning of the x-ray source and a 2D detector array. Until we settle on the optimal set or program of positionings, the gantry may be thought of as independent robot arms carrying the source and the detector array. Our computer coding work on this has been greatly simplified by the use of homogeneous coordinates (Schaller et al., 1998; Karolczak et al., 2001; Alpuche Avilés, 2004). Note that this approach to improving CT imaging is opposite to the “plugand-play” cooperation with industry that has been recommended, in which algorithm developers are exhorted to “take actual CT-scanner data and produce useful images” (Pan, Sidky & Vannier, 2009), though they do look forward to the day “…when engineers have real experience with advanced image-reconstruction algorithms and can use this knowledge to design more efficient and effective CT scanners. This development will likely occur first in dedicated CT systems such as head/neck CT, dental CT and breast CT”. We call our approach 7th generation CT, then, because it incorporates four novelties: (i) a geometrically accurate 3D reconstruction algorithm that exploits foxels and handles any 3D x-ray source/detector array positioning, (ii) metaprogramming that allows choice of different CT algorithms and image processing and pattern recognition steps in the course of image calculation, (iii) feedback between the reconstruction algorithm and the scanning system to plan the next positioning of x-ray source and detector array based on the 3D image obtained so far; (iv) distinction between the 3D computer memory array used for a particular gantry position and a master computer memory array containing the 3D picture being reconstructed, with appropriate 3D transformations to go between them. I have labeled 7th generation CT “Future 0” because every component needed for it can be built now or written in computer code, given the will and a little cash. Future 1: The Intelligently Steered X-Ray Microbeam There are more generations of x-ray CT that can be conceived, but require breakthroughs in technology or physics. One is the intelligently steered x-ray
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microbeam. Richard L. Webber organized a workshop on this approach three decades ago (Webber, 1979): “An aimed beam allows one to attain a uniform signal-to-noise ratio by holding the beam at each point for an appropriate length of time. If the peak of the x-ray spectrum could also be dynamically tuned to the optimum energy for each local optical thickness [cf. (Kalender et al., 2009)], further dose reduction could be achieved” (Gordon, 1979b). The original invention dates back to 1950 (Moon, 1950), and was tried for CT by Hitachi, using electron microscope technology to steer an electron beam, which produced a moving x-ray focal spot (Tateno & Tanaka, 1976; Tateno, Tanaka & Watanabe, 1976). The x-rays were in turn steered by blocking all emitted x-rays except for those going through a pinhole. One way to reduce dose via intelligently steered x-ray microbeams is to incorporate that pattern recognition that I originally eschewed, but in retrospect have always been drawn back to. All present day x-ray imaging modalities splatter x-ray photons at all angles through the patient, except where constrained by collimators. Features are struck by photons indiscriminately. Suppose that we do this with a light sprinkling of photons, to obtain a 3D “scout” image. That image would contain real features and spurious ones due to noise fluctuations. We then aim the beam at features of possible interest (defined by image characteristics or a priori criteria). They should either fade away if they are actually due to noise fluctuations, or sharpen up if real. The x-ray microbeam is thus “intelligently” guided to where it is needed, and the overall dose greatly reduced. This method awaits development of a compact steerable x-ray laser (Fill, 1992) or refracted and focussed x-ray beam (Cederstroem et al., 1999; Jorgensen et al., 1999; Gorenstein, 2007) or an x-ray beam steered by grazing incidence reflection (Signorato et al., 1997; Harvey et al., 2001) of sufficient energy per photon and intensity to be of use for body or breast imaging. While synchrotrons (Burattini et al., 1995), now in experimental use for x-ray diffraction imaging of breast (Bravin et al., 2007), have the beam intensity needed to test these ideas, they are rather large (typically 600 m), requiring 3D 2-axis rotation of the patient for full 3D imaging. Even the “compact” versions of synchrotrons under development are “room size” (Lyncean Technologies, 2009) (cf. (Yamada et al., 2004; Hirai et al., 2006), Figure 6), but given the precedent of the 5 m diameter Mayo Clinic CT scanner (Altschuler et al.,
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1980), it is not absurd to think of rotating a whole room of equipment around a woman’s pendent breast. Future 2: Turnstile and Entangled Photons: Breast Imaging as a Game of Battleship Primary x-ray photons are randomized twice, by the Poisson statistics of their emission from the anode, and then by the Poisson statistics of their scattering or absorption. For visible light photons ways have been invented to emit them on command, so-called “turnstile photons”, on changing a voltage, for quantum level communications and optical computing, where each bit is one photon (Imamoglu & Yamamoto, 1994; Law & Kimble, 1997; Kim et al., 1998, 1999; Benjamin, 2000; Michler et al., 2000; McKeever, 2004; Oxborrow & Sinclair, 2005; Dayan et al., 2008), and aim them in a particular direction (Taminiau et al., 2008), even polarized (Lukishova et al., 2007). If we could do this for x-ray photons, then the photon statistics would be significantly improved, because we would be dealing with one Poisson process rather than the convolution of two of them (Melvin, 2002). X-ray imaging would then be analogous to the game of Battleship (Hasbro, 2004) in which one drops a “bomb” (photon) onto the unseen opponent’s board (a breast) and is told whether or not a “ship” (tumor) was hit (Foo, 1999). Better statistics implies reduced dose. The challenge here is to construct a nanostructured material that would emit turnstile x-ray photons. There is an alternative to turnstile photons that gives the equivalent effect (Edward H. Sargent (Sargent, 2005), personal communication). A method called parametric downconversion, a nonlinear optical process, could produce a pair of time-correlated, entangled photons (Abouraddy et al., 2001). One could be an x-ray photon and the other could be a visible photon. When a visible light photon is detected, we would know that an x-ray photon had been simultaneously launched towards the breast. Stop Breast Cancer Now! The ultimate breast screening scanner would detect all premetastasis tumors by comparing the current image with previous 3D images of the same breast, and then automatically destroy any suspicious lesions by any of a wide variety of ablation techniques presently under development (Noguchi, 2003; Simmons, 2003; Singletary, 2003; O'Neal et al., 2004; Roubidoux et al., 33



2004; Vargas et al., 2004; Agnese & Burak Jr, 2005; Glaiberman, Pilgram & Brown, 2005; Huston & Simmons, 2005; Lobo et al., 2005; Morrison et al., 2005; Nields, 2005; Bao et al., 2008; Barnett, Sloan & Torchia, 2009). My model is that used by dermatologists in handling suspicious nevi: first cut them out, then ask questions (such as whether the resection margin was adequate). This attitude would eliminate breast biopsys, the major cost in present day 2D mammography. Any device that automatically finds and destroys small potential tumors can also be set to pay special attention to the region of any previously ablated tumor, to look for recurrences. This is an effective form of watchful waiting, but one that does not wait too long. Watchful waiting replaces the pathology report. I am well aware that what I am proposing, if it proves successful, would eliminate the radiologist, the radiology technologist, the surgeon, the medical physicist planning radiation treatment, the oncologist, the pathologist, the breast cancer molecular biologist, and ultimately the theoretical biologist. We have had enough of breast cancer wars (Lerner, 2001), and should all disband when we succeed in making breast cancer a manageable problem. The components to attempt this now are all in existence: quantitatively predicted tumor target size that we need to detect and destroy (2-4 mm), many imaging modalities that singly or in combination would seem capable of reaching that target, and ablation techniques able to destroy them with small resection margins. The small proportion of recurrences expected could almost all be caught before metastasis by the same protocol. Research could switch to how to achieve compliance, whether we can safely and effectively extend the protocol to younger women with radiographically dense breasts (Law, Faulkner & Young, 2007), whether “surgery-driven escape from dormancy” (Retsky et al., 2008) applies to partially ablated premetastasis tumors, honing of the protocol with experience, the search for induced tumors (Heyes, Mill & Charles, 2009) (Shuryak et al., 2009), and further reduction of x-ray dose. The difficult questions of prevention of the initiation of breast tumors, presumed by many to be due to artificial environmental toxins or life style choices, or improving the immune response to nascent tumors, or intervening in the genetics of aberrant oncogenic or radiation sensitivity genes, such as women with ataxia telangiectasia, a radiation sensitive genetic condition (Hall, Geard & Brenner, 1992; Ramsay, Birrell & Lavin, 1996, 1998), could be pursued in subsequent decades, with a firm data set from the search and destroy approach of how many small tumors are being 34



detected across populations. If, in the interim, the magic bullet for breast cancer is found (Hubbard, 1986; Strebhardt & Ullrich, 2008), we might choose to pack up the whole search and destroy protocol, but that may be in the distant future, if ever: “…despite an avalanche of knowledge in molecular biology in recent years, not a single cancer-specific cell surface antigen has yet been discovered” (Gonenne, 2009), though the author now claims: “MabCure has successfully generated hybridoma libraries for three different cancers that produce, respectively, antibodies to melanoma, to an aggressive form of prostate cancer and to ovarian carcinoma. These antibodies have been shown to be specific and ‘universal’ to each cancer respectively, i.e. they recognize every cancer from different individuals having that particular disease and do not react with any normal antigen tested so far. These Mabs [monoclonal antibodies] are the first candidates for the development of novel diagnostic tools, imaging agents and drugs to treat the corresponding cancers” (Mabcure, 2009). The contrast of this magic bullet approach to search & destroy is startling. For search & destroy we do not want specificity, diagnosis or treatment, but rather to detect all cancers at early stages, destroying any suspicious lesion without confirming whether or not it had malignant potential. But nevertheless, through molecular imaging, they may prove complementary. Will my message “Stop Breast Cancer Now!” be taken seriously? One could take the cynical view that each of us involved in breast cancer research has a vested interest in not seeing the problem solved. But I think the difficulty lies elsewhere, in how scientific and medical research is organized, and how we police each other through innovation suppressing peer review. Perhaps we need the old approach of the Longitude Prize offered by the British Parliament in 1714 (Sobel, 1995), this time for solving breast cancer once and for all. While this might seem winner take all, the real winner would be the women (and a few men) who would no longer anticipate a life shortened by breast cancer. The idea of prizes rather than grants has been renewed by the USA National Aeronautics & Space Administration:
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“In December 1903, Wilbur and Orville Wright, two bicycle mechanics working with no government support, initiated the age of powered flight with their success at Kitty Hawk. NASA‘s Prize Program honors the spirit of the Wright Brothers and other independent inventors by acknowledging the centennial of the first powered flight in 2003. The NASA Centennial Challenges program also recognizes that the rapid and dramatic progress in aeronautics in the early years of the first century of flight was often driven by prize competitions” (NASA, 2009a). But the present cash prize is not big enough: “…the resources that are expended in research and development by competitors are typically many times the value of the prize itself” (NASA, 2009b). The Sick Lobe: “A paradox, a paradox, a most ingenious paradox” (Gilbert & Sullivan, 1879) Except for our collaboration on the second Workshop on Alternatives to Mammography, Tibor Tot and I have not worked together. So when he asked me to say a few words about his sick lobe hypothesis in this chapter, I was suddenly confronted by what my collaborator Vincent Vinh-Hung recognized as a paradox: One the one hand: extrapolation of epidemiological data suggests that killing one small primary premetastasis breast tumor should be able to cure breast cancer. On the other hand: premetastasis tumors are frequently multicentric, perhaps all in one sick lobe. This is a universal predicament, as noted in Fiddler on the Roof: “Avram: (gestures at Perchik and Mordcha) He's right, and he's right? They can't both be right. “Tevye: You know... you are also right” (United Artists Corporation, 1971). At this point we can only speculate. Here I record our first thoughts as a dialogue extracted from e-mail: 36



Tibor Tot: The ‘lobar disease’ theory means, in its simplified form, that breast cancer develops not on a single point in the breast, but within a several cm large area, often on several places in this area at the same time. In fact, according to our studies, carcinomas < 10 mm are unifocal in 37%, multifocal in the rest and in about 50% of the cases foci are seen in an area larger than 40 mm (‘extensive cases’). It means that you will need to ablate not a 2-3 mm large lesion but several such lesions together with their genetically altered environment. I believe that one should ablate a sick lobe, but it can also be called the ‘field of cancerization’. Richard Gordon: I would like to see an extrapolation of the probability of metastasis to smaller sizes for each # of foci found, and perhaps versus their distances apart. At least that is my first guess as to a proper analysis of the relationship between our previous extrapolations to obtain target size and your sick lobe hypothesis. I would also like to see the evidence that multiple foci are actually in the same lobe. While I'm fully aware of your hypothesis, it is now time for a detailed understanding of exactly what you measured, and how you drew your conclusions. It is also not clear to me how many of our target foci (99% (predicted) success rate, it would be advisable to surgically or by ablation remove a lobe, or just do watchful waiting of it? The uncertainty is compounded by the fact that, for now, none of our imaging methods can reliably outline the breast lobes. For x-ray CT in particular, this might require increased dose, and therefore be counterproductive. Tibor Tot: While the [sick lobe] hypothesis is a hypothesis, the multifocal nature of the majority of breast carcinomas, also at the beginning of their development, is a morphological fact. I have studied and published this fact several times, and people before me using similar histology 37



technique have reported similar results. This multifocality is evident already in the in situ phase, before the cancer invades and before it gives the metastases. Now to my main point. We have a practical problem here: if a surgeon will read the first chapters of this book, he or she will get the impression that the correct surgery at early stage breast cancer is to cut big, remove a several cm area. Reading your chapter, they will have the impression that it is sufficient to cut small, 4 mm with a minimal margin. I am convinced, looking at early breast carcinomas every day, that the limited approach is not sufficient for the majority of the cases, but may be sufficient for a about 30-40%, the unifocals. I still believe that one should cut big even in these cases as small multiple foci are often missed on radiology. Vincent Vinh-Hung: I'm not sure how modeling could be handled. But I like paradoxes. The concept of lobe disease or field cancerization, and that of very early detection, are not necessarily mutually exclusive. Richard Gordon I think that Vincent has hit the nail on the head, by calling this a paradox: 1. The extrapolated epidemiological data suggests that search and destroy of single premetastasis tumors should cure breast cancer. 2. The mutifocal data suggests that more tissue should be removed or ablated than one would ordinarily think for a < 4mm tumor. So let's see if we can formulate some hypotheses consistent with both results, and then ways of testing them. Let me throw these out for your consideration: A. The extrapolation is correct, but larger resection margins (perhaps the whole sick lobe) would decrease the chance of later disease (not just recurrence) even more. This is logically consistent with the extreme action: total mastectomy (Mokbel, 38



2003). (This is in essence a refinement of the old battle between total mastectomy and lumpectomy (Lerner, 2001).) B. Removal of a single premetastasis tumor delays the occurrence of additional tumors in the same lobe. But if it's not removed, multifocal disease occurs. C. The reason that premetastasis tumors can be multifocal, yet be consistent with the extrapolations, is that most of them regress (Nielsen et al., 1987; Nielsen, 1989). In this case, since we don't know which will regress and which won't, we should ablate them all. This also suggests a possible competition between multifocal tumors, perhaps the larger one(s) actively suppressing the smaller. I realize, and perhaps Vincent now agrees, that there is some serious new research to be done to resolve this paradox. Vincent Vinh-Hung Thinking aloud, can a tumor grow without some kind of cooperation from the host? There has been more attention given to the stroma/microenvironment where the tumor is growing (Hu & Polyak, 2008). The concept of a lobe might be appropriate. It would make sense (Ellsworth et al., 2004). A lobe in which a first tumor appeared that grew beyond a few millimeters would be more permissive to additional tumors (cascade and/or recruitment of host facilities by the tumors). Removing the first tumor early enough would reduce the propensity of multifocality, rejoining your point #B. This is a terribly challenging topic that would take years. So, we three have agreed to take on the challenge (Vinh-Hung, Tot & Gordon, 2010). Conclusion The century old magic bullet approach to cancer has not served us well. It became part of the hegemony of biochemistry and later molecular biology, genomics and a massive pharmaceuticals industry with an attitude that there is a drug for every malady. In parallel, over the past century, x-ray and other forms of imaging developed and improved. These are now ready to overtake magic bullets precisely because they are nonspecific, i.e., potentially capable 39
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I first pulled these thoughts together. Dedicated to the memory of Boris K. Vainshtein.
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Figure 1. The fate of the theoretical biologist (Hardin, 2003). (Reproduced with paid permission of CartoonStock.)
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Figure 2. A Japanese rock garden with the pebbles raked into rows that, if parallel, would correspond to a projection. From http://en.wikipedia.org/wiki/File:Shitennoj_honbo_garden06s3200.jpg with permission [to be requested].
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Figure 3. Vainshtein’s observation (Vainshtein, 1971) that the point spread function of 3D reconstruction is sharper than that of 2D reconstruction (prepared by Michael J.A. Potter). Radius units are arbitrary, but the ratio of the two curves is not.
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Figure 4. “This graphic displays average values for mean glandular dose [decreasing curve] and estimates of image quality in [standard] mammography [increasing curve] for the period from the early 1970’s to 2005” (Spelic, 2009), with permission [to be requested].
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Figure 5. The image of a face (a) was reconstructed by multiplicative ART (b) using only five views at viewing angles 45, 67.5, 90, 112.5, and 135° (0° is horizontal). Deconvolution of the point spread function by Wiener filtration produced (c) (Dhawan, 1985).
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Figure 6. A “compact” synchrotron x-ray source. From (Yamada et al., 2004) with permission of Elsevier: Yamada, H., H. Saisho, T. Hirai & J. Hirano (2004). X-ray fluorescence analysis of heavy elements with a portable synchrotron. Spectrochimica Acta Part B-Atomic Spectroscopy 59(8), 1323-1328.
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