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Abstract

Obijectives: In order to investigate the relationship between scientific evidence and social
commitments this article addresses three questions: 1) does low dose ionizing radiation cause
cancer? 2) Is the answer to this question different in a social setting than in a scientific
context? 3) What are the consequences of the answers of 1 and 2 for the relationship between
epistemology and ethics as played out in radiation protection?

Methods: Conceptual analysis with basis in traditional methods in philosophy of science, in
particular theories of causality.

Results: Whether low dose ionizing radiation causes cancer deeply depends on what we mean
by causality. According to traditional scientific conceptions of causality it is not warranted to
say that low dose ionizing radiation causes cancer. Standard approaches in radiation
protection, however, imply that there is a causal connection, which is due to the strong social
commitment in the field. There is a close relationship between social and scientific
conceptions of causality, posing a series of challenges: one being that scientists covertly
become moral experts, another one that the general public can be misinformed.

Conclusion: There is a difference between causality in science and in policy making. Mixing
these conceptions, as sometimes is done in radiation protection, can be misleading. Whether
low dose ionizing radiation causes cancer is a social and not only a scientific issue. As such

lay people are warranted to have a say.
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Introduction

There is substantial evidence for an association between low dose ionizing radiation and
cancer (1-8). Several mechanisms which endorse the association are also well described (8).
However, whether low dose ionizing radiation is a modifiable cause of cancer is still open for
debate (5,9-11). To establish a definite causal link between low dose ionizing radiation and
cancer would require controlled trials where the participants are randomized to ionizing
radiation exposure, which is practically and ethically contestable (1).

Accordingly, this article asks three questions. The first question is whether low dose ionizing
radiation does cause cancer. The second question is whether the answer to the first question is
different in a social setting than in a scientific context. The third question is what the
consequences of the answers of the first and the second question are for the role of scientists

and lay people in radiation protection?

Conceptions of causation depend on context (12). When assessing scientific evidence,
“causation” may have a different and stricter meaning than in social settings, such as health
policy making or in law (Mendelson, 2017). In science the traditional function of causality is
to explain and predict, whereas in policy making its function is to provide and protect welfare.
Science is preoccupied with accuracy, while policy making is concerned with actionability. In
law causality is relevant for assessing legal responsibility, and is used to ascribe (legal) guilt,
specify penalties, as well to assign compensation for work related health hazards (14). “IN
THE LAW, scientific knowledge is used to fix responsibility, not to reveal truth. ... Thus, the
role of “cause” in the courtroom has a different character than it does in epidemiology or
toxicology.” (15). Correspondingly, there may be a related yet different conception of

causality in morals, where causality is used to assess (moral) responsibility and ascribe blame.



There are also differences between causality on an individual level, e.g. to show that the
cancer of person X is caused by the exposure to radiation of type Y at time Z, and on a group
level, e.g. cancer of type R is caused by exposure to radiation of type S under conditions T.
Furthermore, there is a difference between testing for causality, i.e. showing that an event is
caused by another event, and using causality for practical purposes, e.g. such as assessment of
the effects of radiation (16).

This illustrates that the question of whether low dose ionizing radiation causes cancer is a
complex question that may have many answers (12,13). It also indicates that there is ample
room for bewilderment. The difference in objective and context may result in substantial
confusion, e.g. when using figures for radiation protection to estimate numbers of cancers and
deaths from low dose ionizing radiation (17) or when “calculating probability of causation of
radiogenic cancers”(Kocher et al., 2005).

Although relevant to a wider field, this article is restricted to investigate whether low dose
ionizing radiation causes cancer within a traditional scientific conception of causation, and to
address the question in a particular social context: radiation protection.

Whether there is a causal relationship between low dose ionizing radiation and cancer
depends on what we mean by “causal relationship.” I will first investigate whether there is a
causal relationship in a deterministic sense before investigating probabilistic conceptions of
causality. | will argue that there is no causal connection between low dose ionizing radiation
and cancer in traditional scientific conceptions of causality. However, social conceptions of
causality may still be relevant in radiation protection. If this is so, then persons and groups

with social commitments should have a say on cancer causation, and not only experts.



Materials and Methods

Although referring to empirical studies, this is a theoretical study, applying a conceptual
analysis based on standard methods in analytical philosophy and in philosophy of science.
The analysis of causality and uncertainty is based on traditional theories in philosophy of
science. References to the particular perspectives and theories are provided continuously in
the text.

As part of the study several literature researches have been performed. PUBMED was
searched" for systematic reviews, primary studies, reports and books. As few studies on

causality in radiation protection was found nested search and snowballing was performed.

Results

No deterministic causality

The locus classicus for deterministic causation in the life sciences is the Henle-Koch-
postulates for causality (19). According to these postulates, in order for a phenomenon to be a
cause of a disease, the phenomenon has to be present in every case, i.e., without the
phenomenon, no disease. Furthermore, the disease has to occur every time the phenomenon is
present. That is, the phenomenon has to be both a necessary and a sufficient condition for the
disease to occur. This is a strong claim, and it has therefore been called “strong causation.”
Applying the Henle-Koch postulates to low dose ionizing radiation we would have:

1. All persons exposed to ionizing low dose radiation would get cancer, but nobody who is

not exposed.

! Search strategy: (("low dose ionizing radiation" or ((“radiation" or “exposure”) and (“x-ray" or “radiology”))
and (“cancer" or "cell alterations" or "oncology"))[Title/Abstract]) AND (causation or causality or cause)[Text
Word]



2. The low dose ionizing exposure must be able to be differentiated from natural exposure,
such as background radiation.
3. The low dose ionizing exposure should cause cancer when exposing a healthy person.
4. Traces of radiation must be identified in the diseased person.
It is quite clear that low dose ionizing radiation does not satisfy these criteria. First, low dose
radiation is not a necessary and sufficient condition for cancer, as noticed above. Furthermore,
low dose radiation from human exposure may be difficult to differentiate from background
radiation, and so far it is difficult to identify radiation exposure in cancers.
For high dose (typically above 1 Sv), we experience deterministic effects, and would expect
that the claim that ionizing radiation causes cancer holds. However, even with high doses,
cancer does not always occur,? and cancer can occur also without high doses of ionizing
radiation. That is, (high dose) ionizing radiation is not a together necessary and sufficient
condition for cancer. Noticeable, even Koch realized that these criteria were too strict for any
practical conception of causality in health care (20).
Nevertheless, we can look for “weak causation,” e.g., we can ask whether radiation is a
necessary, but not sufficient condition for cancer, i.e., whether it is a sine qua non for cancer?
This can be called “causation by absence”. We can ask “What would have happened if
exposure to low dose ionizing radiation had not occurred?” If the answer is: “then the cancer
would not have come about”, there would be a causal relationship between low dose ionizing
radiation and cancer. The basic idea is that a causal claim can be explained in terms of
counterfactual conditionals of the form “If C had not occurred, E would not have occurred,”
where C is what is considered to be the cause and E is the effect. The question of what would
have happened if the ionizing radiation had been absent is relevant because by removing the

necessary condition, we could prevent cancer. However, as cancer occurs without low dose

2 Other detrimental health effects may occur, such as cell damage.



ionizing radiation, it is not a sine qua non. Hence, (low dose) ionizing radiation is not a
necessary condition for cancer.

Another traditional conception of causality is to define it in terms of sufficient but not
necessary conditions. This can be called “causation by presence,” as causation is ensured by
the presence of the “cause.” In ordinary language and in epidemiology sufficient conditions
are conceived of as causes, because whenever the condition occurs, the “effect” will also
occur (Rothman and Greenland 1998). However as alluded to already, cancer does not occur
every time when exposed to low dose ionizing radiation, and thus, radiation is not a sufficient
condition for cancer.?

In principle low dose ionizing radiation may still cause cancer in a deterministic way, e.g.
when cancer depends on other conditions in addition to low dose ionizing radiation (e.g., a
component cause model). There may be unknown biological or biomolecular factors that,
when combined with ionizing radiation, would be sufficient and necessary for the
development of cancer. Low dose ionizing radiation could for example be an insufficient but
necessary part of a sufficient and necessary condition for cancer. However, the insufficient,
but necessary conditions that together with low dose ionizing radiation are necessary and
sufficient for cancer are yet unknown.

Another example of complex deterministic conditions for causation is that low dose ionizing
radiation is an insufficient and necessary part of an unnecessary but sufficient (INUS)
condition for cancer (21). Here the low dose ionizing radiation would be an element in an
altogether sufficient, but not necessary constellation of conditions. The low dose ionizing
radiation is not sufficient alone, because radiation can appear without resulting in cancer.

Neither is the low dose ionizing radiation (as well as the other conditions) necessary for

% Even more so, cancer does not occur every time with high dose exposure either, although other deterministic
effects may be seen. It is worth noticing that there are very few instances in health care where we know the
sufficient condition for a disease. There are also many interpretations of what is meant with “necessary” and
“sufficient,” but this is beyond the scope of this article.



cancer, because there are many other paths to cancer. Moreover, we do not know the
(insufficient and necessary) parts that together with low dose ionizing radiation are sufficient,
but unnecessary for cancer, i.e., so far there is no INUS-type causation between low dose
ionizing radiation and cancer.

Altogether, this makes it difficult to corroborate a deterministic relationship between events
such as low dose ionizing radiation and cancer. Hence, in a deterministic perspective, low
dose ionizing radiation does not cause cancer. Even more, high dose ionizing radiation does
not cause cancer either, as cancer is not a result of radiation in any of the traditional
conceptions of deterministic causation.

Although we cannot say that low dose ionizing radiation causes cancer in a deterministic
context, we may of course talk about low dose ionizing radiation causing cancer in a
probabilistic perspective. We do so based on the assumption of stochastic effects from low
dose ionizing radiation, i.e., effects that are random but are related to cancer in some way (2-
3). Stochastic effects are difficult to account for on an individual level, but may be

investigated on an overall level, e.g., by epidemiological studies.

Non-deterministic causality

Causality is oftentimes characterized by a probabilistic relationship between what is
considered to be cause and effect. E.g., there is an increased probability of cancerous events
when exposed to low dose ionizing radiation of specific kinds. This kind of probabilistic
conception is expressed in the (first of the) seminal nine “viewpoints” of Bradford Hill from
which to study the association of two variables in order to claim causality (22), see Table 1.
Accordingly, hypotheses on causal connections between low dose ionizing radiation and

health effects can be formulated and tested by epidemiological studies.



Probabilistic conceptions of causality* have many pros, but also some cons. They say little
about the (relative importance) of its underlying factors (12) and give no guidance to where
delimiting causality from mere association. There is a strong association between having grey
hair and cancer, but grey hair is hardly the cause of cancer. How strong does the association
between exposure to low dose ionizing radiation and the occurrence of cancer have to be in
order to qualify for causality? Does the limit vary with the type and severity of cancer? These
are normative (and not only descriptive and scientific) questions. Where we set the limits
between causality and mere association tends to depend on social commitment. Weaker
associations are more easily accepted as causes for severe preventable diseases than for
ordinary conditions without significant implications.

It can be argued that the social contingency of probabilistic causality renders it “unscientific”
and relativistic, and indicates that we should stick to associations and stop talking about
causality altogether (26). Again, the rooster’s craw at the break of dawn every day does not
make the rooster causing the sun to rise (27). Although the probabilistic conception of
causality gives no indications of underlying deterministic conditions, which gives rise to the
co-variation (28), it still warrantless presupposes such conditions.

Hence, sticking to Bradford Hill’s nine viewpoints (in Table 1) on causation, there are
challenges with claiming a causal connection between low dose ionizing radiation and cancer.
First, the strength of association is weak. The reproducibility of high quality research results
is low, because decisive experiments either are difficult or unethical to conduct. The
specificity of the association is low, as background radiation and other factors may result in
cancer as well. Ascertaining the temporality criterion may be challenging, due to the long

time span and uncertainty about mechanisms. Accordingly, the experimental evidence is low.

* Probabilistic conceptions of causality are oftentimes called “black box causality.” (12)



Many causalities - no cause

There are of course other conceptions of causality, such as mechanistic and dispositional
conceptions of causality. However, this brief review of some of the traditional conceptions of
causality is sufficient to illustrate that causality can mean many things, and that the answer to
whether low dose ionizing radiation causes cancer is contingent to our conception of
causality. Table 2 summarizes the conceptions of causality discussed above. When
associations are weak and available evidence is scarce, the limitations with the various

conceptions to causality become prominent.

[Table 2]

This leaves us in an unpleasant state. Until more scientific evidence becomes available, it is
difficult to defend a causal connection between low dose ionizing radiation and cancer. l.e., it
is uncertain whether low dose ionizing radiation causes cancer. But what do we do when there
is a potentially hazardous effect of radiation that people are exposed to, such as described in
the empirical studies referred to at the outset of this article? One alternative is to investigate
alternative conceptions of causality, e.g., causality for practical purposes which take into
account our social commitments, such disease prevention as expressed in radiation protection.
This is a plausible approach, as assessment of the strength of association is an inevitable

normative aspect of probabilistic causation, as already pointed out.

Probability of causality

One practical approach is to estimate radiation related cancer risk (1,5,17). High risk
estimates expresses a higher probability of causality. However, cancer risk from low dose

ionizing radiation can be calculated in many ways and involves a series of judgments and



assumptions (13). Moreover, the health effect from radiation is heavily dependent on how we
classify “radiation effect,” e.g., cancer incidence, morbidity, mortality, exposure-induced
cancer incidence (REIC) exposure-induced death (REID), excess cancer deaths (ECD), years
of life lost per unit dose (YLL), and life lost/radiation-induced cancer death (YLLRIC). There
is no true classification of radiation health effect, as the choice of measure depends on our
social commitments: to help or protect people.

Correspondingly, a cancer incidence can be assigned to low dose ionizing radiation, such as in
assigned share and probability of causality. The assigned share value is expressed as
excessive relative risk divided to the relative risk (ERR/RR) based on risk models of organ-
specific cumulative equivalent dose (14). The cause of cancer can also be attributed to low
dose radiation prospectively based on similar risk models.’

Risk models provide us with useful estimates, and sensitivity analysis presents important
quality assessments. Hence, assigned share and attribution of health effects, such as cancer,
to low dose ionizing radiation give useful guidelines for preventive measures. They are,
however, based on a series of assumptions and judgments. As the real probabilities are
unknown, and many of the models, estimates and extrapolations cannot be tested (falsified)
empirically (29), they are, strictly speaking, scientifically based speculations. Making models,
estimates, and extrapolations is part of normal scientific activity, and follow traditional
internal norms of science (30). However, if these models, estimates and extrapolations are
never subject to empirical testing, or if their assumptions are covert, unquestioned or
normative, we infringe traditional internal norms of (empirical) science, such as testability,
reproducibility, and openness (30). The danger is, on the one hand, that social commitments
and norms sneak in and “contaminate” or bias basic scientific concepts, such as causation,

and, on the other hand, that risk estimates are presented as value free scientific facts (12).

® Other parameters may be used, such as “inferential weight,” “attributable fraction,” “etiological fraction,”
“attestable cause” etc. However, such measures are based on scientists’ value judgments.



Of course, our assumptions, models, and estimates may be justified by the social
commitment: to protect people from potential harm (19). They may be the best we have in
addressing and handling exposure to ionizing radiation (31).° However, letting the justifiable
social commitment sway or “encroach” core scientific concepts, such as causality, may
generate significant confusion, e.g. scaring people by presenting risk estimates as risks and
causal connections, or imperfectly making scientists experts in ethics and health policy

making.

Hence, there is no causal connection between low dose ionizing radiation and cancer in any
traditional scientific conceptions of causality. Science-like approaches, such as risk
estimation, involve value judgments and are driven by social commitments. They may

confuse a social conception of causality with a scientific one.

Social conceptions of causality in radiation protection

Despite the lack of causality in a traditional scientific sense, we act as if there is a causal
relationship in practice. Principles for radiation protection and protective measures are
established as if low dose ionizing radiation causes cancer (and other diseases).” This is
because the concept of causality is different in policy making than it is in science. In science
the function of causality is to explain and predict, whereas in policy making its function is
provide and protect welfare. Additionally, the debate on whether low dose ionizing radiation
causes cancer also has affinities to causality in law, especially with respect to compensation
programmes (14). Here causality is relevant for assessing legal responsibility, and is used to

ascribe (legal) guilt and specify penalties. Correspondingly, there may be a related, but yet

® The social norms in radiation protection are easily identified in the principles of ICRP: justification,
optimization, and individual dose limits (39).

" E.g., the precautionary principle is a norm for where to place the burden of proof when we are uncertain. It
engrosses a bias of caution and safety (52).



different, conception of causality in morals, where causality is used to assess (moral)
responsibility and ascribe blame.

It is well known that scientific conceptions of causality inform and influence causality in law,
morals, and policy making. In radiation protection the opposite seems to be the case: there is
an influence from social conceptions of causality (legal, moral and in policy making) that
affects science. This is challenging if one believes that science can and should be demarcated
from other kind of social activities. However, it can also be challenging from another
perspective: There is a danger that we unnecessarily aggravate a health problem (32).
Although the association with cancer may call attention to an otherwise important health
problem, it may also result in unnecessary fear of low dose ionizing radiation and cancer. This
relates to a second moral challenge: risk aversion. Leading attention to potential harmful

effects of low dose ionizing radiation may contribute to a general risk aversion (17,32-37).

Discussion

This article started out asking whether there is a causal relationship between low dose

ionizing radiation and cancer and has shown that the answer deeply depends on what we mean
by causality. Investigating some traditional scientific conceptions of causality indicates that,
so far, we are not entitled to say that low dose ionizing radiation causes cancer. Even more,
when the social commitment of radiation protection feeds into the scientific conception of
causality, confusion occurs, scientists may come to operate outside their field of competence
(as undercover moral experts) and the public may get frightened (17, 32-35). Hence, one
could quote Bertrand Russell: “The law of causality, ..., is a relic of a bygone age, surviving,
like the monarchy, only because it is erroneously supposed to do no harm.” (38). Only, in

radiation protection it can do some harm.



There are of course other concepts of causality than those addressed here, both within and
outside science, which could have been addressed as well. However, the main conceptions of
scientific causality have been addressed, and they all give the same conclusion.

This study has also revealed that a typically scientific question, i.e., whether low dose
ionizing radiation causes cancer, involves moral issues on many levels. As we have seen, the
choice between several conceptions of causality, and where to set the limit between mere
association and causality, which models to use, and how to attribute or assign risk or causality
depends as much on social commitment as on scientific measurement.

These findings urge the discussion on how to delimit science and society: A) Where are the
thresholds to how much social commitments can influence or infringe scientific concepts,
such as causality? B) What is the role of scientists in attributing causality to low dose ionizing

radiation and cancer, e.g., versus the role of lay people?

Science and society in the reign of uncertainty

As argued, radiation protection is an area where the traditional demarcation between science
and society is challenged. Scientists’ concept of causality is influenced by social
commitments, and scientists enter social debates about welfare protection as “experts.” One
reason for this is the level of uncertainty to whether and how much low dose ionizing
radiation advances cancer. This poses the question: are scientists out of line?

One way to address this challenge could be to avoid all causality talk as long as evidence is

LI I3

absent (18), and strictly stick to terms like “co-appearance”, “association”, and “risk
estimates.” We could say: “To our knowledge, low dose ionizing radiation does not cause
cancer, but for protective purposes we have estimated the cancer risk to be ...” This would

restrict causality to science, and potentially protect it against social infringement.

Correspondingly, one could classify uncertainty into various classes or realms (40-46), and to



delimit scientists from social realms, or give them special tasks. One such example is given in
what has been called the matrix of uncertainty, illustrated in Table 3 (42).

[Table 3]

A second approach would be to say that the science/non-science divide is archaic or utopian.
In modern society science and society are so interwoven that to distinguish between the
scientific and the social, has become pointless (47-49). There is a co-evolution of science and
society, and concepts like cancer, causation, and risk cannot be kept purely descriptive. They
are normative as well. This eradication of the demarcation between science and society grants
scientists new roles.

A third approach is to acknowledge the strong symbiosis between science and society (48),
but to argue that some core concepts are still purely descriptive. These purely scientific
concepts, such as causation, feed into the normative debates on application, consequences,
and protection. The relationship between description and prescription in the debate on
causality in radiation protection can be illustrated in figure 1.

[Figure 1]

There are pros and cons with all of these approaches, which are intensely and extensively
debated in the literature. To enter this debate here would be beyond the scope of this article.
However, as far as radiation protection is based upon or influences conceptions of causality,
and thus operating on the border between science and society, we are forced to reflect

critically on these issues.

Who decides on causality

As causality in radiation protection has a poor scientific basis, and at present is as much a
social as a scientific concept, we are urged to address the question of who decides? Who is
entitled to make assessments on causation and risk, and who can make decisions on protective

measures, as well as issues of compensation? Although scientists are trained in modelling,



extrapolating and estimating; decision makers, policy makers, the general public, and those
who will face the consequences of a technology could be as qualified to appraise the
parameters for the assessment, e.g., the values of life, risk acceptance, health, pain, and
disease (47).

Because facts are uncertain, systems are complex, values are involved, and decisions are
urgent, a new and extended “post-normal science” has been called for (50-51). Below the
traditional level of scientific evidence, scientists guess and believe like all other people. E.g.
whether one adopts and supports the Linear-Non-Threshold (LNT) model or the Threshold
Model (32), is strongly founded on belief, as no decisive empirical evidence exists. Norms
and values are entered (52) and the peer community should be extended beyond scientific
experts. Accordingly, scientists have no privileged position in assessing risks and
recommending preventive measures. When scientists go beyond the limits of their knowledge,
they enter the realm of policy making (49), which comprises another realm of knowledge and
norms. In policy making, scientists are not entitled a privileged say.

This indicates that Bertram Russell was wrong when he said: “The scepticism that | advocate
amounts only to this: (1) that when the experts are agreed, the opposite opinion cannot be held
to be certain; (2) that when they are not agreed, no opinion can be regarded as certain by a
non-expert; and (3) that when they all hold that no sufficient grounds for a positive opinion
comes to legal, moral, or political conceptions of causality, the scientist has no primacy. In

moral matters lay people may be experts as much as scientists (47).

Hence, the assessment of the health effects of (low dose) radiation touches upon basic topics

in the philosophy of science, such as what are the criteria for causality, what is evidence,

_ - | Comment [b1]: Russell B. Sceptical

Essays. London: George Allan & Unwin
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where are the limits between science and policy making, and who should have a say in cases

of uncertainty?

New empirical evidence may of course in the future show that there is a causal connection
between certain infectious factors and cancer, for example new radiation-sensitive biomarkers
of cancer. Moreover, other perspectives from philosophy of science and ethics may reach

different conclusions. Here I have only referred to a traditional methodology.

Conclusion

We can now answer the initial questions: 1) low dose ionizing radiation does not cause cancer
in the scientific sense of causality. 2) Although low dose radiation is (yet) no scientific cause
of cancer, it is a cause in the social meaning of causality, i.e., in the context of radiation
protection. 3) The consequences of 1 and 2 are a) that social conceptions of causality can
influence scientists’ conceptions of causality as well as challenge the traditional science/non-
science divide, e.g., when estimates and science based extrapolations and speculations are
presented and discussed as scientific facts, without acknowledging the assumptions, models,
and presuppositions that are the basis for these estimates and speculations. b) Scientists can
unwarranted become “moral experts,” and c) the public is justified in being informed and to

participate on issues of radiation protection.

References

1. UNSCEAR. Sources, effects and risks of ionizing radiation. New York, 2013:
UNSCEAR, Report http://www.unscear.org/unscear/en/publications.html

2. UNSCEAR. Summary of low-dose radiation effects on health. New York: UNSCEAR,
2010, Report. http://www.unscear.org/docs/reports/2010/UNSCEAR_2010_Report_M.pdf




10.

11.

12.

13.
14.

15.

16.

UNSCEAR. Sources and effects of ionizing radiation. Medical radiation exposures. New
York: UNSCEAR, 2008, Report. http://www.unscear.org/docs/reports/2008/09-
86753 Report_2008_Annex_A.pdf

National Research Council. Committee to Assess Health Risks from Exposure to Low
Levels of lonizing Radiation. Health risks from exposure to low levels of ionizing
radiation: BEIR VII Phase 2. Washington, DC: The National Academies Press; 2006.

UNSCEAR. Effects of ionizing radiation. New York: UNSCEAR, 2012,

Ozasa K, Shimizu Y, Suyama A, Kasagi F, Soda M, Grant EJ, Sakata R, Sugiyama H,
Kodama K. Studies of the mortality of atomic bomb survivors, Report 14, 1950-2003: an
overview of cancer and noncancer diseases. Radiat Res. 2012 Mar;177(3):229-43.

Wall BF, Haylock R, Jansen JTM, Hillier MC, Hart D, Shrimpton PC. HPA-CRCE-028 -
Radiation Risks from Medical X-ray Examinations as a Function of the Age and Sex of
the Patient. Oxfordshire: Radiation Risks from Medical X-ray Examinations as a Function
of the Age and Sex of the Patient, 2011.
http://www.hpa.org.uk/webc/HPAwebFile/HPAweb C/1317131197532

UNSCEAR. Biological mechanisms of radiation actions at low doses. A white paper to
guide the Scientific Committee's future programme of work. New York, 2012.
http://www.unscear.org/docs/reports/Biological_mechanisms WP_12-57831.pdf

Cologne JB, Pawel DJ, Sharp GB, Fujiwara S. Uncertainty in estimating probability of
causation in a cross-sectional study: joint effects of radiation and hepatitis-C virus on
chronic liver disease. J Radiol Prot. 2004 Jun;24(2):131-45.

UNSCEAR. Sources, effects, and risks of ionizing radiation UNSCAR report 2016.

National Council on Radiation Protection and Measurements. Uncertainties in the
estimation of radiation risks and probability of disease causation. Bethesda, MD: NCRP;
Report No. 171; 2012.

De Vreese L. Epidemiology and causation. Med Health Care and Philos 2009; 12:345-
353.

Simmons JA. Risk of cancer from diagnostic X-rays. Lancet. 2004;363(9424):1908-99.

Niu, Shengli; Deboodt, Pascal; Zeeb, Hajo (eds). Approaches to attribution of detrimental
health effects to occupational ionizing radiation exposure and their application in
compensation programmes for cancer: A practical guide. Geneva: International Atomic
Energy Agency, the International Labour Organization and the World Health
Organization, 2010 (Occupational Safety and Health Series, No. 73).

Ozonoff D. Legal Causation and Responsibility for Causing Harm. American Journal of
Public Health. 2005; 95: S35-8.

Cartwright N. Hunting Causes and Using Them: Approaches in Philosophy and
Economics, Cambridge University Press, 2007.



17.

18.
19.

20.

21.
22.

24.
25.
26.

217.

28.

29.
30.

31.
32.

33.

34.
35.
36.
37.

Berrington de Gonzalez A, Darby S. Risk of cancer from diagnostic X-rays: estimates for
the UK and 14 other countries. Lancet. 2004;363(9406):345-351.

Koch R. Die aetiologie der Tuberkulose. In Gesammelte Werke von Koch. Edited by
Schwalbe J. Leipzig: Georg Thieme Verlag, 1912: 428-455.

Evans AS. Causation and disease: the Henle-Koch postulates revisited. Yale Journal of
Biology and Medicine 1976;49:175-195.

Mackie J. The Cement of the Universe. Oxford: Clarendon Press, 1974.

Hill AB. The Environment and Disease: Association or Causation? Proc R Soc Med
1965;58:295-300.

. [ - { Comment [b2]: Not referred in text

)

Rothman K, Greenland S. Modern epidemiology. Lippicott Williams & Wilkins 1998, - { comment [b3]: Not referred in text

)

De Vreese L. Epidemiology and causation. Med Health Car Philos 2009;12:345-353.

Lipton R, @degaard T. Causal thinking and causal language in epidemiology: it's in the
details. Epidemiol Perspect Innov 2005;2:8.

Pearl J. Causality: Models, Reasoning, and Inference. Cambridge: Cambridge University
Press, 2000.

Hofmann B, Holm S, Iversen JGH. Philosophy of Science. In: Laake P, Olsen B, Benestad
H eds. Research Methodology in the Medical and Biological Sciences. London: Elsevier,
2007:1-32.

Hansson SO. The false promises of risk analysis. Ratio 1993;6:16-26.

Trangy, K.E. Science and ethics. Some of the main principles and problems. In: Jones
AJl, editor. The moral import of science. Essays on normative theory, scientific activity
and Wittengenstein. Bergen: Sigma Forlag, 1988:111-136.

Herzog P, Rieger CT. Risk of cancer from diagnostic X-rays. Lancet 2004; 363: 340.

Tubiana M, Aurengo A, Masse R, Valleron AJ.Risk of cancer from diagnostic X-rays.
Lancet. 2004;363(9424):1909-10.

Herzog P, Rieger CT. Risk of cancer from diagnostic X-rays. Lancet 2004;363(9424):340-
1.

Debnath D. Risk of cancer from diagnostic X-rays. Lancet. 2004;363(9424):1909.

Picano E. Risk of cancer from diagnostic X-rays. Lancet. 2004;363(9424):1909-10.

Beck U. Risk Society, Towards a New Modernity. London: Sage Publications, 1992. - Formatted: French (France)

A M e Y ey Y Y Y Y Y e T gy P T Iy Y e




38.

39.

40.

41.

42,

43.

44,

45,

46.

47,

48.

49,

50.

51.

52.

Russell B. On the Notion of Cause. Proceedings of the Aristotelian Society 1913; 13: 1-
26.

Hansson SO. Ethics and radiation protection. J. Radiol. Prot. 27 (2007) 147-156.

Janssen, P.H.M., Petersen, A.C., van der Sluijs, J.P., Risbey, J.S. and Ravetz, J.R. A
guidance for assessing and communicating uncertainties. Water Science and Technology
2005; 52(6): 145-152.

Hansson SO. Decisionmaking under great uncertainty. Philos Soc Sci 1996;26(3):369-
386.

Stirling S. Keep it complex. Nature 2010; 468: 1029 — 31

Meyer, G., Folker, A.P., Jargensen, R.B., Krayer von Krauss, M.P., Sandge, P. and Tveit,
G. The factualization of uncertainty: risk, politics, and genetically modified crops — a case
of rape. Agriculture and Human Values2005; 22 (2): 235 — 242.

Walker, W., Harremoés, P., Rotmans, J., van der Sluijs, J., van Asselt, M.V.A., Janssen,

P. and Krayer von Krauss, M.P. Defining uncertainty: a conceptual basis for uncertainty

management in model-based decision support. Journal of Integrated Assessment, 2003; 4
(1): 5-17.

Brown P, Calnan M. NICE technology appraisals: working with multiple levels of
uncertainty and the potential for bias. Med Health Care and Philos 2013; 16:281-293.

Wynne B. Uncertainty and environmental learning. Reconceiving science and policy in
the preventive paradigm. Global environmental change 1992;2:111-127.

Nowotny H, Scott P, Gibbons M. Rethinking Science: Knowledge and the Public in an
Age of Uncertainty. Polity Press, 2001.

International Radiation Protection Association. Bridging radiation policy and science.
http://www.irpa.net/irpal0/cdrom/01326.pdf (accessed Nov 12, 2013).

Jasanoff, Sheila. States of Knowledge: The Co-Production of Science and the Social
Order. Routledge. 2006.

Funtowicz S, Ravetz JR. Science for the Post-Normal Age. Futures 1993; 25:735-755.

Ravetz, JR. Scientific Knowledge and its Social Problems. New Brunswick NJ:
Transaction, 1996.

Tallacchini M. Before and beyond the precautionary principle: epistemology of
uncertainty in science and law. Toxicol Appl Pharmacol 2005;207:645-51.

KOCHER, D. C., APOSTOAEI, A. |. & HOFFMAN, F. O. 2005. Radiation effectiveness

factors for use in calculating probability of causation of radiogenic cancers. Health Physics,

89,

3-32.



MENDELSON, D. 2017. Causation in law and medicine, Routledge.



Table 1 Bradford Hill’s nine “viewpoints” of causality. From (22).

Strength of Association

the stronger the association, the less likely the relationship is
due to chance or a confounding variable

Consistency of the
Observed Association

Are results reproducible? Has the association been observed by
different persons, in different places, circumstances, and times?
Do similar findings exist in other studies with different
populations, countries, situations, or periods?

Specificity Whether an association is limited to specific persons, sites and
types of disease, and whether there is no association between
the exposure and other modes of dying.

Temporality The exposure of interest must precede the outcome by a period

of time consistent with any proposed biologic mechanism.

Biologic gradient

There is a gradient of risk associated with the degree of
exposure (dose-response relationship).

Biologic Plausibility

There is a known or postulated mechanism by which the
exposure might reasonably alter the risk of developing the
disease.

Coherence

The observed data should not conflict with known facts about
the natural history and biology of the disease.

Experimental evidence

The strongest support for causation may be obtained through
controlled experiments (clinical trials, intervention studies,
animal experiments)

Analogy

Judgment by analogy, can be acceptable. “With the effects of
thalidomide and rubella before us we would surely be ready to
accept slighter but similar evidence with another drug or

another viral disease in pregnancy”.

Table 2 Conceptions of causality with regards to whether they are deterministic or non-

deterministic.

Deterministic conceptions of causality Non-deterministic causality

Hard causality: Necessary and sufficient conditions

Weak causality:

- Sufficient conditions
- Necessary conditions

- Component cause model:
o Insufficient but necessary part of a sufficient
and necessary condition

o INUS

Probabilistic (Bradford Hill)
Black box epidemiology




Table 3 Uncertainty typology, after (42)

Probability \ Possibilities Known outcome Unknown outcome

Risk Ambiguity

* Risk assessment « Interactive modelling

 Optimizing models « Participatory deliberation

Known probability * Expert consensus * Focus & dissensus groups

* Cost-benefit analysis « Multicriteria mapping

 Aggregated beliefs « Q-method, repertory grid

Uncertainty Ignorance

* Interval analysis * Monitoring & surveillance

Unknown probability « Scenario methods * Reversibility of effects

« Sensitivity testing * Flexibility of commitments

* Decision rules « Adaptability, resilience

* Evaluative judgement * Robustness, diversity

Figure 1

The relationship between descriptive and prescriptive aspects of the assessment
of whether low dose radiation causes cancer from a traditional perspective.

Association between low dose
ionizing radiation and cancer.
Potential hazard induces social
commitment to protect welfare.

Uncertainty,

indeterminacy.
- Cause definition
- Cause attribution
- Assigned share
- Precautionary principle




