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                    Abstract
Cancer research is experiencing ‘paradigm instability’, since there are two rival theories of carcinogenesis which confront themselves, namely the somatic mutation theory and the tissue organization field theory. Despite this theoretical uncertainty, a huge quantity of data is available thanks to the improvement of genome sequencing techniques. Some authors think that the development of new statistical tools will be able to overcome the lack of a shared theoretical perspective on cancer by amalgamating as many data as possible. We think instead that a deeper understanding of cancer can be achieved by means of more theoretical work, rather than by merely accumulating more data. To support our thesis, we introduce the analytic view of theory development, which rests on the concept of plausibility, and make clear in what sense plausibility and probability are distinct concepts. Then, the concept of plausibility is used to point out the ineliminable role played by the epistemic subject in the development of statistical tools and in the process of theory assessment. We then move to address a central issue in cancer research, namely the relevance of computational tools developed by bioinformaticists to detect driver mutations in the debate between the two main rival theories of carcinogenesis. Finally, we briefly extend our considerations on the role that plausibility plays in evidence amalgamation from cancer research to the more general issue of the divergences between frequentists and Bayesians in the philosophy of medicine and statistics. We argue that taking into account plausibility-based considerations can lead to clarify some epistemological shortcomings that afflict both these perspectives.
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                    Notes
	For a survey of the challenges that the big data approach has to face, see Fan et al. (2014).


	On what spurious correlations are, cf., e.g., Dellsén (2016, p. 78): “Suppose we have two variables V1 and V2 that are known on independent grounds to be unrelated, causally and nomologically. Let us further suppose that we learn, i.e. come to know, that there is some specific statistical correlation between V1 and V2—e.g. such that a greater value for V1 is correlated with a greater value for V2.” The latter correlation represents an instance of spurious correlation, i.e. a correlation between two variables which is not due to any real relation between them. Such a correlation does not convey any information on the correlated variables, nor on some other relevant aspect of the world, so it is useless, irrelevant, or worse, it may be lead us astray, if we do not correctly identify it as spurious.


	In this case (i.e. \(c = 2\)), if we have \(k = 3\), then \({\gamma } = 8\). To see this, consider the following sequence of binary digits of length 8: 01100110. This string contains no arithmetic progression of length 3, because the positions 1, 4, 5, 8 (which are all ‘0’) and 2, 3, 6, 7 (which are all ‘1’) do not contain an arithmetic progression of length 3. However, if we add just one bit more to that string (i.e. if we add either ‘1’ or ‘0’), we obtain the following two strings: 011001100 and 011001101. Both these strings contain a monochromatic arithmetic progression of length 3. Consider 011001100: positions 1, 5, 9 are all ‘0’. Consider 011001101: positions 3, 6, 9 are all ‘1’. More generally, it can be proved that if a string contains more than 8 digits, it will contain a monochromatic arithmetic progression of length 3.


	It is important to stress that the nature of the correlation function is irrelevant: it can be completely arbitrary, i.e. in no way related to the nature of the data stored in the database.


	Cf. Calude and Longo (2016b, p. 6): “it is exactly the size of the data that allows our result: the more data, the more arbitrary, meaningless and useless [...] correlations will be found in them.” It may be interesting to note that, in order to derive their result, Calude and Longo define ‘spurious’ in a more restrictive way than usually is done. According to them, “a correlation is spurious if it appears in a ‘randomly’ generated database” (p. 13). Details can be found in Calude and Longo (2016b). In any case, this does not impinge on the considerations that follow.


	Cf. Cellucci (2017a, p. 142): “Methods can be divided into algorithmic and heuristic. An algorithmic method is a method that guarantees to always produce a correct solution to a problem. Conversely, a heuristic method is a method that does not guarantee to always produce a correct solution to a problem.”


	For the differences that exist among the analytic method, the analytic-synthetic method, and the axiomatic method, see Cellucci (2013).


	The origin of the analytic method may be traced back to the works of the mathematician Hippocrates of Chios and the physician Hippocrates of Cos, and was firstly explicitly formulated by Plato in Meno, Phaedo and the Republic. As an example of the analytic method, consider the solution to the problem of the quadrature of certain lunules provided by Hippocrates of Chios:

                        Show that, if PQR is a right isosceles triangle and PRQ, PTR are semicircles on PQ, PR, respectively, then the lunule PTRU is equal to the right isosceles triangle PRS.                      
[image: figure a]





                        To solve this problem, Hippocrates of Chios states the following hypothesis:

                        (B) Circles are as the squares on their diameters.

                        Hypothesis (B) is a sufficient condition for solving the problem. For, by the Pythagorean theorem, the square on PQ is twice the square on PR. Then, by (B), the semicircle on PQ, that is, PRQ, is twice the semicircle on PR, that is, PTR, and hence the quarter of circle PRS is equal to the semicircle PTR. Subtracting the same circular segment, PUR, from both the quarter of circle PRS and the semicircle PTR, we obtain the lunule PTRU and the triangle PRS, respectively. Therefore, “the lunule” PTRU “is equal to the triangle.” [Simplicius, In Aristotelis Physicorum libros Commentaria, A 2, 61]. This solves the problem. But hypothesis (B) is in its turn a problem that must be solved (Cellucci 2013, p. 61).

                      



	For a more detailed confrontation of the concept of plausibility with some related (but distinct) concepts, such as truth, probability, and warranted assertibility, see Cellucci (2017a, Chapter 9).


	On the possible interpretations of probabilities, see Gillies (2000). Basically, probabilities may be regarded as ‘objective’ or ‘subjective’. Cf. e.g. Djulbegovic et al. (2011, p. 309): “‘objective probability’ is believed to reflect the characteristics of the real world, i.e., the probability somehow relates to the physical property of the world or a mechanism generating sequences of events [...]. On the other hand, ‘subjective probability’ is believed to represent a state of mind and not a state of objects [...].”


	This is the problem of the unconceived alternatives, see below Sect. 2.6.


	See Cellucci (2013, Chapter 20). An example of plausible hypotheses that have zero probability are all the plausible hypotheses derived by an Induction from a Single Case (ISC). On the classical concept of probability as ratio between favorable and possible cases, a conclusion obtained by (ISC) has zero probability when the number of possible cases is infinite. An example of implausible hypotheses that have non-zero probability are implausible hypotheses that have been obtained by Induction from Multiple Cases (IMC). Consider the hypothesis that all swans are white. Until the end of the seventeenth century, “all swans observed were white. From this, by (IMC), it was inferred that all swans are white. But in 1697 black swans were discovered in Western Australia.” Since then, the hypothesis that all swans are white is highly implausible. But, this contrasts with the fact that, “on the classical concept of probability, a conclusion obtained by (IMC) has non-zero probability when the number of possible cases is not infinite”, and such “is the case of the hypothesis that all swans are white” (Cellucci 2013, p. 335).


	For an opposite view, see Musgrave (2011). For a criticism of Musgrave’s view, see Cellucci (2017a).


	Many replies have been elaborated in the last decade to Stanford (2006) (see, e.g., Magnus 2006; Saatsi et al. 2009; Ruhmkorff 2011); see Saatsi et al. (2009) for Stanford’s rejoinder to some criticisms; see Rowbottom (2016) for an interesting extension of Stanford’s line of reasoning. Here we will focus on Mizrahi’s (2016) attack to Stanford’s view, because, as a reviewer suggested, it puts into question the very coherence of Stanford’s position, so it risks questioning the validity of all those positions which similarly rely on the problem of the unconceived alternatives, as the one we advocate for in this paper. Mizrahi (2016) develops an argument against Stanford’s view according to which, if (1) one accepts Stanford’s argument against scientific realism, and (2) it is possible to adopt Stanford’s own line of reasoning in the field of philosophy, then Stanford’s position is self-debunking. Indeed, according to Mizrahi (2014), it is possible to construct an argument, which is analogous to Stanford’s argument against scientific realism, and so it is not easily refutable by those who accept Stanford’s argument, according to which we should not believe our current philosophical theories, because history of philosophy shows that philosophers routinely failed to conceive of serious objections to their theories. Call Mizrahi’s Stanford-like argument for philosophy MA. Now, according to Mizrahi’s argument against Stanford, if Stanford’s position is a philosophical position, then we should not trust it, precisely because it is a philosophical position, given that according to MA we should not trust philosophical theories. Many criticisms can be raised to Mizrahi’s approach, but we cannot analyze them all here for reason of space. What can be briefly pointed out is that Mizrahi’s argument against Stanford crucially relies on MA. Now, it is MA which is a self-defeating argument. Indeed, if one maintains MA, one is clearly advocating for a philosophical position, i.e. one is committing oneself to a given philosophical theory. But, according to MA itself, we should not trust philosophical theories. So, MA is self-defeating. If we consider now Mizrahi’s argument against Stanford’s position, it is easy to see that also this argument falls victim of MA’s self-defeatingness. Indeed, Mizrahi’s argument against Stanford conveys in its turn a philosophical position, which implies a commitment to a given philosophical theory. But, according to MA, we should not trust philosophical theories. Thus, since Mizrahi’s argument against Stanford crucially rests on MA, if (1) one takes MA to be a cogent argument, then one should not trust Mizrahi’s argument against Stanford, because Mizrahi’s argument against Stanford rests on a philosophical theory, and according to MA we should not trust any philosophical theory; if (2) one takes MA to be a self-defeating argument, i.e. a non-cogent argument, then Mizrahi’s argument against Stanford cannot even take off the ground, since it rests on a self-defeating argument.


	Cf. Schupbach (2011, p. 119, fn. 2): “Such scenarios correspond to van Franssen’s best of a bad lot objection as well as what Stanford (2006) calls ‘the problem of unconceived alternatives’.”


	On this issue see Pollock (1983). Although his approach is distant from the view advocated here, there is nevertheless some similarity between the two. For instance, Pollock points out the impossibility of equating what he calls ‘epistemic probability’ and ‘statistical probability’. His conception of ‘epistemic probability’ is more akin to what we call ‘plausibility’ than to what is usually meant with ‘probability’. According to him, ‘statistical probability’ is that kind of probability “about which we can learn by discovering relative frequencies, counting cases” (Pollock 1983, p. 236). On the contrary, the “epistemic probability of a proposition is the degree to which it is warranted” (Ibidem). In this view, a proposition is deemed warranted by a careful examination of the reasons for and against it: “a person is justified in believing P just in case he has adequate reason to believe P [...], and he does not have any defeaters for it at his immediate disposal” (p. 233). Moreover, Pollock clearly denies that arguments evaluation can be represented in probabilistic terms. Indeed, Pollock also explicitly denies the possibility of equating ‘epistemic probability’ and ‘subjective probability’. In his view, even if we follow the Bayesians and consider probability as expressing a person’s ‘degree of belief’ on the truth of a given proposition, we cannot equate probability assignment and arguments evaluation, mainly because we cannot reasonably impose on arguments evaluation the rules of probability calculus.


	Cf. Calude and Longo (2016a, p. 273): “Randomness plays an essential role in probability theory, the mathematical calculus of random events. Kolmogorov axiomatic probability theory assigns probabilities to sets of outcomes and shows how to calculate with such probabilities.”


	It is important to note that we are not denying that external factors may relevantly affect theoretical choices, we are just stressing that our perspective is able to account for relevant non-arbitrary epistemic factors that may lead to theoretical divergence or theory change in a rational way.


	For a demonstration that no infinite sequence passes all tests of randomness, so that ‘true randomness’ does not exist, see Calude (2002).


	It may be objected that the existence of hereditary cancer is a strong evidence for SMT. Supporters of TOFT usually specify that “a distinction should be made about the types of cancers that appear in the clinic; there are ‘sporadic’ cancers and hereditary ones. ‘Sporadic’ cancers represent over 95% of the cancers in humans. On the other hand, inherited cancers (less than 5% of total cancers) are a discrete subclass, mediated by germline mutations that have a distinct natural history, mostly appearing in early childhood and/or young adults [...]. While the DNA mutations in this latter type of cancers are present in all cells of the organism, tumors mostly appear in one or a few organs” (Soto and Sonnenschein 2011, p. 333). Since, according to TOFT, cancer is ‘development gone awry’, in this view hereditary cancers are regarded as ‘inherited inborn errors of development’ (Soto and Sonnenschein 2011).


	It may be objected that SMT and TOFT, despite their diversity, are not genuine rival theories, because they are not really incompatible. This issue is in fact strongly debated (see Bedessem and Ruphy 2017, 2015; Bizzarri and Cucina 2016; Bertolaso 2016; Rosenfeld 2013). However, this issue does not impinge on our argumentation. We observed the disputes that are going on in the field and tried to represent the situation. And, in fact, many of the participants in the SMT vs. TOFT debate do see those theories as really incompatible. For example, Bizzarri and Cucina (2016) state that SMT and TOFT are irreconcilable theories. According to them, “irreconcilability depends on radical divergence existing among basic premises [...]. Copernican theory was irreconcilably different from the Ptolemaic one, given that the central place in the solar system was occupied by the Earth in the latter and the Sun in the former. It is obviously impossible to support at the same time these two opposing hypotheses by constraining them into a ‘unified’ cosmological model. By analogy, SMT and TOFT cannot be merged because the premises on which those frameworks rely are incompatible: the default state of the cell can be considered either quiescence (SMT), or proliferation (according to TOFT). The two default states cannot be operational at the same time” (Bizzarri and Cucina 2016, p. 232). Now, whether SMT and TOFT are really incompatible is not relevant here. Indeed, we do not aim at solving the dispute on which is the best theory between SMT and TOFT, nor we aim at solving the dispute on whether SMT and TOFT are really incompatible. We just try to highlight how this confrontations rest on theoretical commitments, whose adoption is better accounted for in terms of plausibility rather than probability. We thank an anonymous reviewer for having raised this issue.


	Some authors prefer to speak of ‘precision’ medicine rather than ‘personalized’ medicine. For a brief reconstruction of the opinions on this terminological issue, see Katsnelson (2013). Since this distinction does not impinge on our thesis, here we will use those terms as interchangeable.


	Cf. Ow and Kuznetsov (2016, p. 1): “Big data analytics is the process of examining large data sets containing heterogeneous patient sub-populations and a wide variety of data types [...]. Big data analytics aims to uncover hidden patterns, unknown correlations, complex trends, [...], as well as other useful features.”


	Cf. Stevens (2013, pp. 65–66): “Bioinformatics can be understood [...] as a kind of neo-Baconian science in which hypothesis-driven research is giving way to hypothesis-free experiments and data collection.”


	Cf. Stevens (2013, p. 69): “the computer becomes the crucial tool: efficiency is a product of bioinformatic statistical and data management techniques. It is the computer that must reduce instrument output to comprehensible and meaningful forms. The epistemological shift associated with data-driven biology is linked to a technological shift associated with the widespread use of computers.”


	On the idea of ‘hypothesis-free’ or ‘data-driven’ science, see Stevens (2013, Chapter 2); see also Chen and Snyder (2013). On explanatory data analysis, cf. Bassett et al. (1999, p. 54): “Knowledge discovery by exploratory data analysis is a ‘bottom up’ approach in which the data are allowed to ‘speak for themselves’ after a statistical [...] procedure is performed.” Cf. also Brown and Botstein (1999, p. 33): “this process is not driven by hypothesis and should be as model-independent as possible.”


	This hypothesis has been empirically confirmed, see Soto and Sonnenschein (2011), Baker (2015a, b) and Bizzarri and Cucina (2016).


	Cf. Raphael (2014, p. 7): “Using the background mutation rate (BMR) and the number n of sequenced nucleotides within a gene (g), the probability (Pg) that a passenger mutation is observed in g is given by \(\textit{Pg} = 1 - (1 - \hbox {BMR})\). Since somatic mutations arise independently in each sample, the occurrences of passenger mutations in g are modeled by flipping a biased coin with probability pg of heads (mutation). Thus, if somatic mutations have been measured in m samples, the number of patients in which gene g is mutated is described by a binomial random variable B(m, Pg) with parameters m and Pg. From B(m, Pg), it is possible to compute the probability that the observed number or more samples contain passenger mutations; this is the P value of the statistical test”.


	The fact that some data can be regarded as relevant to the estimation of the frequency distribution of passenger and driver mutations only if one assumes SMT can be clearly seen by considering that if one assumes TOFT, then the very same data (i.e. the detected mutations in a given cancer genome) cannot be regarded as instances of ‘driver’ mutations, simply because according to TOFT somatic mutations are not the cause of cancer. If one does not assume SMT, by searching for mutations one can at most display correlations of recurrent mutations in cancer cells, but one cannot prove that those mutations are the cause of carcinogenesis, and so one cannot disconfirm TOFT. Indeed, TOFT does not deny the existence of mutations in the genome of cancer cells. It denies that these mutations are the cause of cancer insurgence.


	It may be objected that the so called de novo approaches, which aim at the identification of driver mutations by statistically analyzing combinations of mutations in networks and pathways (this method belongs to the third kind of approaches to individuate driver mutations listed above) are less prone to this criticism, because they do not incorporate previous knowledge about genes associated with well-studied cancer pathways. But this objection is inadequate. Indeed, even de novo approaches are not independent from crucial assumptions that are not neutral with respect to what hypothesis on carcinogenesis is adopted. In order to identify novel combinations of mutations or mutated genes, “it would be ideal to test all possible combinations for recurrent mutations across a cohort of cancer patients, but such a de novo approach is impractical. For example, there are more than 10\(^{29}\) possible sets of eight genes in the human genome, which is both too many to evaluate computationally and too many hypotheses to test while retaining statistical power” (Raphael et al. 2014, p. 12). In order to overcome this difficulty, de novo approaches try to identify driver mutations by searching for genetic aberrations which are both (1) highly recurrent, and (2) mutually exclusive, i.e. they do not compare in different pathways. So, only if one accepts the “hypotheses that each tumor has relatively few driver mutations [...] and these driver mutations perturb multiple cellular functions in different pathways [...], one can conclude that a tumor rarely possesses more than one driver mutation per pathway”, and so that “when examining data across cancer samples, driver pathways [...] correspond to mutually exclusive sets of genes” (Ibidem). But these assumptions are not independent from prior knowledge. Indeed, they relies on SMT, since they presuppose the existence of driver mutations, and even a precise hypothesis about their frequency, presuppositions which cannot be based on nothing but some kind of prior knowledge. Thus, de novo approaches do not really differ from other kinds of approaches developed to identify driver mutations, and cannot be said to be independent from previous knowledge. So, this objection is inadequate.


	For a detailed illustration of the main views of statistics, see Romeijn (2017).


	For a survey on EBM, see Bluhm and Borgerson (2011).


	This is the so-called problem of the external validity, see Worrall (2010).


	Cf. Howson and Urbach (2006, p. 183): “Clinical trials typically involve two groups of subjects, all of whom are currently suffering from a particular medical condition; one of the groups, the test group, is administered the experimental therapy, while the other, the control group, is not [...].”


	Cf. e.g. Worrall (2007b, p. 472): “there can be no estimate of how closely balanced a particular real trial is with respect to any unknown factor—this is so by definition, since the unknown factor is unknown!”


	Cf. Worrall (2007b, p. 472): “there is also an epistemological issue about whether any repeated random trial would be comparable to the initial one. If a particular patient in the study receives, say, the ‘active drug’ on the first round, then, since this is expected to have some effect on his or her condition, the second randomization would not be rigorously a true repetition of the first. The second trial population, though consisting of the same individuals, would, in a possibly epistemically significant sense, not be the same population as took part in the initial trial.”


	Cf. Worrall (2007a, pp. 1000–1001): “randomisation does not free us from having to think about alternative explanations for particular trial outcomes and from assessing the plausibility of these in the light of ‘background knowledge’.”


	On the different Bayesian perspectives on prior probabilities, cf. Williamson (2010, p. 2): “All Bayesian epistemologists hold that rational degrees of belief are probabilities, consistent with total available evidence, and updated in the light of new evidence by Bayesian conditionalization. Strict subjectivists (e.g. Bruno de Finetti) hold that initial or prior degrees of belief are largely a question of personal choice. Empirically based subjectivists (e.g. Howson and Urbach [...]) hold that prior degrees of belief should not only be consistent with total evidence, but should also be calibrated with physical probabilities to the extent that they are known. Objectivists (e.g. Edwin Jaynes) hold that prior degrees of belief are fully determined by the evidence.”
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