EPIDEMIOLOGY, JUSTICE, AND THE
PROBABILITY OF CAUSATION

Sander Greenland
James M. Robins’

ABSTRACT: The concept of “probability of causation™ forms the basis of important
legal standards, legislation, and compensation schemes, which in turn use epidemiologic
data to estimate the probability of causation. This usapge is a misapplication of epidemiol-
ogy, because 1t has been shown thal without imposing restrictive biclogic assumptions,
epidemologic data cannot supply estimates of the probability of causation. Although the
misapplication of the probability of causation concept responds to the need to resolve
cases in a rational and consistent manner, this need docs not justify continued misusc of
epidenuiologic data in compensation decisions. Compensation schemes and legal standards
must recognize that an upper bound on the probability of causation cannot be determined
from epidemiologic data alone; bologic models also are needed. Although equitable
compensation schemes can be formulated without reference 1o the probability of causation,
all schemes must deal with fundamental methodologic uncertainiies in estimation.

CITATION: Sander (ireenland and James M. Robins. Epidemiology, Justice, and the
Probabitily of Causation. 40 Jurimetries I 321-340 (2000).

This article concerns the distinction between the excess incidence caused by
an exposure {the “attributable fraction™} and the probability that the exposure
caused an individual's disease (the “probability of causation™). Our peints are not
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new, They were anticipated in carly risk-analysis literature,' were thoroughly
described by the late 1980s,” and have been repeated since.’ Nonetheless, many
epidemiologists and health physicists serving as expert consultants and witnesses
coniinue to equate attributable fractions with the probability of causation.®

In part, this may be because equating the probability of causation to the
attributabte fraction leads to systematic underestimation of the potential range for
the probability. Those whose personal interests or values make them sympathetic
to the defense would have 1o go against those interests or values to recognize the
distinction.”

Most of our points are important only for cases where disease costs are
sensitive to the time of disease incidence.® For example, consider a mother of two
children who gave birth al ages 35 and 40. We ordinarily would expect fatal
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i 14Re)
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(19913 theremalter Robins & Greenland. Hozardous Exposure|
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119991 Jan Bevea & Sander Greenland, The Importance of Specifving the Underlving Brologie
Mudel o Esimating the Protabiliy of Causation, 76 HEALTH PUysics 1 (1999), Mark
Parascandolbs, What & Wrong with the Probebdiny of Cansation?, JURIMETRICS § 29 (1999)

4 See. e g bindn A Bailey etal Reference Gurde on Eprdemiafogy, 1 REFLRENCE MaNUAL
O SCIENTING EviDeNCE 168-09 (Federal Judicial Center ed , 190}, T Cole, Causality in
Lotdemiology, Health Poticy, and Law. 27 ELR Niws ANaLYSIS 10279 (1997), FRLDLRICK A
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cancer 1n this woman to resull in greater emoiional and financial loss the carlier
it occurs. Even one year of life lost can translate into a considerable cost.
Undoubtedly. a just compensation scheme should be sensitive to incidence time.
Yet, the probahility of causation, even 1f correctly estimated, is insensitive to the
impact of exposurz on disease timing. In our view, this insensitivity creates
perverse compensation schemes based on the probability of causation. even if the
fater were known exactly, unless damages are awarded in proportion to years of
life lost.”

Some authors have defended the probability of causation as the best available
quantity for making administrative and judicial decisions.® Such claims are simply
wrong when incidence time is important. It i possible to develop compensation
schemes that are based on correct interpretations of cpidemiologic relations and
that arc appropriately sensitive to incidence time and vears of life tost.”

Before discussing these approaches. we begin by describing how epidemio-
logic data does #ef determine the probability of causation.

I. “MORE PROBABLE THAN NOT™ IS NOT THE
SAME A8 A RATE RATIO ABOVE TWO

Constder a hypothetical case of a woman diagnosed at age 45 with bone
cancer {a very rare disease) after 25 vears of employment in a nuclear waste
reprocessing facility, She files suit against her employer, claiming her disease
was due to occupational radiation exposure. According to current standards,
Judgment should favor the plaintiff if and only if “it is more probable than not™
that the exposure “causally contributed 10" or “was a substantial contributing
factor to” her discase." This standard is often rephrased as arequirement that the
“probability of causation” exceed 50%, where “probability of causation™ iy the
probability that exposure causally contributed to the development of the
indwvidual’s disease.

To give an objective meaning 1o the word “probability,” one must provide
some sort of frequency or sampling framework. A common interpretation here
is that it represents the frequency with which cases having the same exposure and
measured-covariate history as the case at issue (i.e., same dose, age. sex, etc.)
have exposure as a cause. With this interpretation, the probability of causation is
equal to the ~etiologic fraction.” the fraction of cases with that exposure and
covariate history for which the exposure played a role in disease ctiology."

T see Robns & Greenland flasardous fxposure. supra note 2

8 See Victor P Bowl, The Need for Profatibiies in Cancer Littgation, 29 NUCLLARNEWS 62
(1986,

9 See Robns & CGreenland. Huzardous Fxposure, supra oote 204 tew such schemes are
vuthned mfra Section IV

10} See Bailey etal . supra note 4, Cole. sugra note 4, Bond. sugra note 8, David E D ibhendeld
& BentBlack, Fhe Epidennologistin Court Sume Comments. 123 AM 1 EFIDEMIOLOGY 961 {1986)

1l See Creenland & Rons, Conceprual Problems, supra note 2, Robins & Creenland.
Estrmabitiy and Estimatton, supra note 2, Roins & Greenland, Probabily of Causation, supra
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A, The Common Error

Although any estunate would be disputed, let us suppose that we know that
the occupational exposure suftered by the plaintitf increases the bone cancer rate
m d3-vear-old women by 1.5-1old, or 50% above what would have occurred
absent the vecupational radiation. ' In other words, the causaf rate ratio” or “"true
relative risk™ for the elevation in the rate above the natural background among
J3 car-old women 15 1.5 According to many authorities.™ knowledge of this
rate ritio allows one to compute the probability of causation. using the following
termula,

PC (I LY —(IR - IR, (1)

where PC stands for “probability of causation.” 1, and {, are the incidence rates
thut 45-year-old women would experience with and without exposure, and 1R =
1 1 15 the incidence-rate ratio {often called the “relative risk™). If we define RF
(IR T RIR, where RE stands for “rale fraction,” then formula (1) stmply
asserts that PC — RE. or that the probability of causation equals the rate fraction.
Appiving this formuta to our plaintiff’ yields (1.5 - [¥1.5 = 33% for the
probability that occupational radiation causally contributed to the plaintiff’s
cancer.

Most emidemiologists and statisticians would label RF with more familiar
terms such as “attributable fraction or “attribulable risk™ among the exposed.'
[ However. these terms are used o refer to many different quantities,’ and we use
the more specific term “rate fraction™'” to indicate that I, and [, represent numbers
of cases per woman vear at risk and are therefore incidence rares.'® not
probabilities. The quantity RF has also been called the “ussigned share™ in the
leual and risk analysis literature by those who recognize failings of the PC = RF
equation.*”

Civenthe above formula, (he “mare probable than not” standard requires PC
- (130 for the pluintilT to prevail, 1f one asserts that PC = RF, this standard

nate 2, Sander Greenland & Kenneth ) Rothman, Measwres of Effect and Measures of Association,
MDY ERDEsIoLocsy 47-6d 1 Kenneth ] Rothman & Sander Greenlund eds. 2d od 1998)

12 Uhe werdence vate 15 the number of new cases that develop per woman per year, or “per
weman-year © For example, 1t 3 cases develop over a year in a population of women whose average
sire s 30 0 ever the vear, the rate that sear s 3 cases per 30000 woren per year, or 330,000 =
Dubul cases pel wonman per vear

13 wew Rubms & Greenland, Probabifin of Cansation, supra note 2; Greenland & Rothman.
staprzote 11

13 Authonnes aited, supranotes 4, 8 & 10, Bert Black & Thnad F T dhenfeld, Eprdemiologic
Proct e tovie Tort Diagation. 32 FOrpEAM L Ry 732 (1984)

15 See Wynderetal supranote S

16 yer Greenland & Robins, Conceptual Problems, supronote 2.

17 See 0, Robins & Greenland. Estemabiin and Estomanon, supra note 2, Robing &
Gireenland, Probabiliny of Causation, supra note 2, Greenland & Rothman, sepra note 11

in See Wynder et al | supra note 5 Greenland & Rothman, sypra note 11

19 Sew supen note |
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requires that (IR - 1)/IR = 0.5, which reduces to IR = 2. Thus, inatrial where the
judge imposes IR 2 as the “more probable than not” standard,” studies finding
a rate ratio less than 2 would be taken as evidence agasst causation of the
plaintiff’s discase by the exposure at issue. Qur plaintiff has IR — 1.5 and
therefore fails this standard.

‘The crror in this reasoning is that. even if the effect IR of exposure on the
rate 15 known. the cuusal rate Jraction does not equal or even approximate the
probabidity of cousation except under restrictive assumptions.”' Perhaps the
simplest assumption is the following independence-of-background (I10RB)
assumption about mechanisms of exposure aciion:™ The incidence ol cases
caused by exposure 15 independent of the incidence of cases not caused by
exposure (i.c.. cases due to background causes)

This assumption corresponds to the “no intcraction with backeround risks™
assumption that was delineated by Cox® in his ploneering criticisms of the FC
= RF formula. Many plausible disease mechanisms do not satisfy this assump-
tion. For example. il the disease is a tumor that requires a sequence of distinct
mutations and the exposure at issue catses only one of the mutations, following
*he classic Armitage-Doll multistage biclogic model of carcinogenesis.™ the
incidence of cases caused by exposure will be positively associated with
.ncidence from other causcs. because any factor that increases the rate of other
necessary mutations will multiply the incidence of cases caused and not caused
by exposure to the same degree. We know of no cancer or other important
chronic disease for which current biomedical knowledge allows one to exclude
mechanisms that violate the assumptions needed to claim that PC - RT.

[he result is that judicial applications of the formula PC = RF have bueen
without foundation in fact.”* Furthermore, absent indcfensible assumptions, PC
and RF may be as far apart as their logical lumifs allow. [tUis possible lor exposure
to have causally contributed to ¢very case of disease, even il the exposure
elevates the rate only slightly.”® That is, it is possible to have PC = | even when
the causal rate ratio IR is ciose to 1 and so RF is close to zero. However. the

20 Suchastandard has been apphed i both legislaten (Oron G Hateh, Mediead-Legal 4spects
of Radianion induced Cancer, HEALTHIIYRICS SOC NLWSLETTER, Dec. 1983, at 6-8: 5 921, 981h
Cong.. 129 CoNG REC 711119831 and judieaal deoistons {Hall v Baxter Healthcare, 947 F Supp
FART (D O 1996) ek v Amencan Med Sys 958 F Supp 11314E D La 19973

21 See Greendand & Rubins, Cowceprual Problems, supra note 2, Robins & Greenland
FEsrmabiliuy and Lstimation. supra note 2, Roins & Greenland. Probabdiy of Causation, supra
note 2

22 See Robuns & (ireenland. Estrmabidiny and Estimation. supra note 2. Greenland, vupra note

23 See Cox, Jr, Probatuho of Cousatron, sipra nots 1

24 See Peter Armiutage & Richard Doll, Stachastic Modets for Carcinogenesis. in PROCEED-
InGb OF THE FOURTH BERKELEY SYMPOSIUM [Jerzy Neyman ed.. 1961)

25 See Greenland. supra note 3. Parascandota, supre note 3, Diana Petitty, Reference Guide
on Egidermology, 36 JURIMETRICS ) 139 (1996

26 See Greenland & Robmns, Cenceprual Problems, supra note 20 at 1186 Robins &
Greenland, Probabihiny of Causation, supra note 2, at 1132
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converse is false. Epidemiologic data does place a nonzero lower bound on the
probability of causation when RF = 0. This lower bound is always less than RF
when [R is constant, although under commonly used assumptions, RF approxi-
mates this lower bound.”” The Appendix contains a detailed description of these
relationships.

In summary, current judicial standards use the formula PC = RF, which relies
on assumptions that are unwarranted in typical cases. The assumptions are
biological, not methodological, and have nothing to do with disease rarity.
Furthermore. there are no validity issues here because IR as defined above 15 the
effect of exposure on the incidence rate in the population of 45-year-old women.
Viplating the assumptions can lead to a complete breakdown of the PC = RF
formula, with RF likely to underestimate PC.*®

In sworn statements and declarations by epidemiologists and statisticians
enrolled as expert witnesses, we found only one case where the expert was aware
that biologic assumplions were required to equate PC to RF.* Even in that case,
the expert attempted to raticnalize PC = RF with a number of incorrect
assertions.”

B. How the Standard Fails

There are many technical details that arise in a rigorous attempt to connect
the probability of causation or eticlogic fraction to rate ratios.” Nonetheless,
some simple examples illustrate conditions in which the probability of causation
is near or far from the rate fraction.

Suppose that we have assembled a large cohort of women who. with respect
io known risk factors for bone cancer, are indistinguishable from the plaintiff in
ourexample. [n particular, suppose these women have had the same occupational
und background radiation exposure. Suppose further that this cohort experienced
three cases of bone cancer at age 45, but would have experienced only two cases
at that age absent the occupational expesure. Finally, suppose that the occupa-
iional exposure has only a small effect on the total number of person vears
contributed by women in the study.*® We then have a causal rate ratio ot 3/2 = 1.5
and a causal rate fraction of (1.5 - 1¥1.5 = 33%, as before.

All this information is quite a lot to be given--—a cohott cbserved without
error in which the exposure effect on the rate is known. [t is far more than we

27 See Robins & CGreenland, Probabiiy of Causation, supra note 2, at 1129

28 See Greenland & Robins, Concepiual Problems, supra note 2, at 1192-93, Robins &
Greenland, Fstimability and Estimanon, supranote 2, at 85051, Cox, Jr, Statistical Issues, supra
nofe |, at 72-73, Lagakos & Mosteller. supra note |, at 374; Greenland, supra note 3, at 1167

29 See Hall v Babcock & Wilcox Co, 69 F Supp.2d 716 (W D Pa 1999)

30 See wd at 722-26

3t See generally Robins & Greenland, Estimabifity and Estimation, supra note 2, Robins &
Greentand, Probabiity of Causation, supra note 2.

32 This assumption s not essential 1o the poml, but 10s reasonable and greatly simphfies the
mathematics
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gver have in reality. Yet it is not all we need to calculate the probability of
causation. The reason 1s simple: we cannot determine the etiology of any
individual case of bone cancer. Consequently, we cannot tell if the three cases
that occurred at age 45 in this exposed cohort overlap with the two cases that
would have occurred at this age absent exposure.

Maybe the overlap is complete Perhaps the two cases that would have
occurred without exposure are women whose cancer was unaffected by exposure,
I so, they must be two of the three cases that did occur at age 435, The remaining
case at that age. 33% of'the total, must have had exposure involved in her disease
ctiology hecause she would not have developed cancer at age 45 without the
exposure. Pul another way. it could be that two of the (hree cases at age 45 were
“background” cases that occurred independently of exposure. Thus, if we picked
one of the three at random, there would only be 4 33% chance it would be a case
with exposure as a contributory cause. Epidemiologists and others must have this
independent background model in mind when they asscrt that PC = RF.
Nonetheless. the [OB model is not the only reasonable possibility.

To comprehend just how wrong the PC = RF asscrtion can be, consider that
the three cases that occurred at age 45 may nof overlap at ali with the two cases
that would have occurred at this age absent exposure. For example, it is possible
that exposure interacts with background factors to advance the incidence time of
all bone cancer cases. This would happen if the cancer is the endpoint of a
pathologic process whose rate is accelerated by radiation exposure. 'hus. it could
be that the two background cases {the two women who would have gotten bone
cancer at age 45 even without exposure) instead got their cancer years earlier
becanse of exposure: while the three cases that occurred at age 45 would not have
occurred until years later absent exposure. [n fact, it could be that exposure
causally contributed to «ff cancers at a/f ages by accelerating «/f the incidence
times. If so, the probability of causation would be 100%. Yet, despite this
ubiquity of harm, the causal rate ratio for this cohort would remain 3/2 = 1.5 and
the causal rate fraction would thus remain 33%.

C. Facing an Epidemiologic Limit

While there 15 considerable literature on radiation carcinogenesis, the
literature is incapable of demonstrating beyond a reasonable doubt that radiation
induction of human bone cancer does or does not follow either the IOB or
“affects all cases™ models. Nor can the literature rule out models that would vield
a probability of causation anywhere between 33% and 100% when the rate ratio
is 1.5

More generally, population data alone cannot establish an upper bound for
the probability of causation if the factor in question has a net causal effect (IR =
[)." This limitation is an important manifestation of the fact that data on

33 See Creenland & Robins, Conceprual Problems, supra note 2, at 1189-90, Robins &
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incidence and prevalence will always be compatible with a wide variety of
underlving causal mechanisms, even if the data are free from all error and bias. ™
Only further information on biologic mechanisms enabtes us o narrow the
possibilities bevond those allowed by the population data.

Along with these logieal limitations of epidemiologtc data. there are always
the methodologic limitations of random errors and systematic biases. And. while
there are always numerous speculative theories, there is rarely an abundance of
data on the mechanisms of induction for noninfectious human diseases, such as
typical neoplastie. cardiovascular, connective-tissue. and neurologic discases.
The only logical conclusion is that. in most of these cases. scientific attempts to
rile out a probability of causation above 50% are futile. Claims of success, at
hest. have rested on questionable assumptions and. at worst, have no foundation
at all. Thus, when an exposure is known to be harmtul in some cases, available
data from epidemiology and biology are simply incapable of telling us whether
@ piven case was “rnore probably than not™ harmed by exposure.

Epidemioclogy can modestly contribute to estimating the probability of
causation i that epidemiologic data can be used 1o estimate fower hounds for the
probabiiity of causation, subject to assumptions that must be checked against the
data.” Under certain modeling assumptions, for example, rare exposure effects
coupled with independent and infrequent censoring, the rate fraction can
approximale this lower bound.” Nonetheless, even if the assumptions are
accepted. the resulting lower bound does no more than rule out 'C values below
the bound: it still lcaves possible any targer PC value, including 100%.
Unfortunately, the probability of causation controversy involves cases where [R
< 2, and hence, RF < 4. In such cases, PC can easily be two or more times RF:
more generally, cstablishing that RF < 4 does not establish, or even render it
probable, that PC « Y.

Crrecoland, Estimabidity and Estimation, supranote 2, a0 830-51, Robms & Greenland, Probabiliuy
of Causarton, supra note 2. at 112930,

34 Nee references ented, supra note 33, Jack Swmiatyckl & Duncan C Thomas, Brologeal
Models awd Statistreal Interactions An Example from Aulustage Carcinogenesis, 10 1N, ]
Liresor ooy 383, 386 (1981}, Sander Greenland & Charles Poole, fivariants and Nonowarants
g the Uoncepr of nterdependent Effects, 14 SCARD | WORKENY HEALTITIZ5 (1988), W Douglas
Thompson. Effect Modification and the fants of Biologieal inference from Epidemtologic Data, 44
I CLiN EPIDEMIOLOGY 221, 228 (1991)

35 See Robins & Greenland. Estimabiiny and Estimation, supra note 2, at 850-31, Robins &
Greenland, Propabihiny of Causation, supra note 2, al 1126

36 See Robins & Greenland. Probabilin of Causation, supra note 2. at 1129-30.
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IL. THE FALSITY OF VARIOUS
UNSUPPORTED ASSERTIONS

One aspect of the probability of causation issug that is most distressing is the
frequent neglect of basic canons of scientific reasoning.” To our knowledge.
every precept of scientific and muathematical investigation teaches that a theory
(such as the assertion PC = RFY should not be treated as fact or even treated as
likely unless overwhelming supportive evidence in the form of validated
mathematical proofs or eatensive data has accumulated and any apparenth
contrary evidence has been explained within the theory. In other words, the
burden of proof shouid be entirely on the proponents of an assertion,

Instead. however, we have observed expert assertions treated ay if they were
true unless proven false. lor example, an expert witl assert that PC — RF. ¢ither
as an axiom or subject to some assumption. without offering any mathematical
proof or data to support this assertion. The assertion nonetheless is treated as a
fuct and the burden is placed on any critics to show that the assertion is false.

This section provides some examples of false variations on the PC — RF
assertion that have been put forth and accepted as facts, despite a lack of
supporting evidence.

A. Lifetime Risks and Rare Diseases

Some authors have mistakenly assumed that ifthe lifetime risk of the disease
is low, the rate fraction will approximate the probability of causation.” The
previous bene cancer example provides a counterexample to this assumption
Because the rate when exposed can be arbitrarily close lo the rate when
unexposed, even when PC = 1, it follows that [ifetime risk when exposed can be
arbitrarily close to the lifetime risk when unexposed, even when PC — 1. The
situation is similar when risk up to a particular age is considered ¥ This
phenomenon would occur, for example, when the disease is the endpoint ol a
cumulative process and exposure accelerates either the process itself or the
exhaustion of repair mechanisms.* Such mechanisms cannot be ruled out for
most chronic diseases and are especially consistent with the physiology of
discases defined by cumulative pathologic changes, such as atherosclerosis,
systemic sclerosis. and many neurologic conditions.

AT See gereratly CaRL G HEMPEL DINLOSOPHY DF NATURAL SCIENCE (1960

38 See Armstrong & [hénault. supra note 4, at 162

39 See Rotans & Greenland, Estimability and Exfimation, supra note 2, at 835-36, Robins &
Greenland, Probabiiny of Causation, supra nole 2, at 11235-26

4 See Greenland. sppra note 3, at 1167
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B. Multiplicative Models and PC

Some epert witesses have asserted that PC = RF if the effect of exposure
s simiply to multiply the disease rate by a constant amount.” This assertion is
unsupported by mathematics or data. Resulls in Robins and Greenland® show
that the mcidenge rates can fotlow a multipheative model and yet the probability
ot causation can still be 100%. For example. suppose the baseline disease rate is
ol Weibull form** and that exposure shortens time {o disease by a constant
proportion 1 then (ollows trom the equivalence of accelerated-failure and
proportional-lazards models under a Weibull hazard™ that the exposure effect
will be multiplicative wnd PC — 1,

C. Age-Spectfic Incidence Curves

Sonte expert witnesses have clanmed that the age-specific incidence curves
jor radiogenie cancers are incompatible with biologic models where the
probahility ol causation exceeds RF, These claims are false. For ¢ny situation in
whiich Ue age-specific incidence curve under exposure always exceeds thatunder
nonexposure (including all radiogenic concer cases), there will be biologic
muodels that perfectly predict the observed incidence and that unply a probability
of causanion of one. ™ In particular, any such pair of curves can be generaled by
A provess 1 which exposure advances the incidence time of every case,

D. Biologic Arguments

We have shown that epidemiologic data cannot reject the possibility that
exposure harmed everyone (and hence PC = 1) il exposure is positively
associated with risk. Lnder the same conditions, epidemiologic data cannot reject
values for the probability of causation anywhere in a range from less than the rate
fraction to 1™ Theretore, any scientific attempt to narrow the possible range for
PC must depend on biologic evidence.

W have seen experts assert that biology supports the claim that PC = RF.
Flonvever, we have scen no data to support these claims. There are few, if any,
noninfectivus discases for which the nechanisms of exposure action have been
delincated in enough detail w establish the relation of PC to RF. [n light of this
absence of data, sclentiiic arguments can only bear on the relative plausibility of

A1 This s called o mmoluphcative model ™

42 See Rubms & Greenland Profabidin of Causanion. supra note 2. at 1134

43 e o 1) ko B TISCHE Ross L PRENTIO N STATISTICAL ARALYSIS OF FAILURE TIME
R EVRWEEG]

e Davin 0 OOV E I OAKES, ANALYSIS OF SURVIVAL Data (1984)

15 Nev Robas & Greenland. Sxtomabidiey and Extomation, supronote 2, at 830-51, Robuns &
Lireenlind Probaboliny of Causancn, supra note 2, at 1134

A6 Nee anthonties cited. spra note 43
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various possible relations. Unfortunately, there are no generally accepted
methods for determining relative plausibility in the absence ot decisive evidence.

Suppose one could argue that a biologic model where PC - [ is implausible.
Such an argument would not support the hypothesis that PC - RF. On the
contrary, models where the probability of causation equals the rate fraction could
be just as implausible as those in which PC = 1. As an illustration, consider the
“independence-of-background”  assumption in evaluating the impact of
fenfluramine on the occurrence of symptomatic valvular regurgitation.™ In this
context, [OB corresponds to assuming that this impact is unrelated (o pre-existing
valvular abnormalities—a highty implausible assumption. Similar considerations
undermine the credibility of the [OB assumption in most examples of carcino-
genesis and atherogenesis, For example. there are good reasons to suspect that
radiation interacts with genetic susceptibility in carcinogenesis.™ Yet it seems
that many experts make the 10D assumption cavalierly or implicitly when
interpreting the rate fraction. and they assert thal ¢vidence supports the
assumption when no such cvidence exists,

III. FURTHER REASONS WHY RF WILL
NOT FQUAL PC

A, Heterogeneity of Background Rates

We have shown that there can be large bias in equaling the causal rate
fraction RF o the probability of causation PC and that the probability of
causation for each cohort member can exceed the true {causal) rate fraciion for
the cohort* These problems may be viewcd as stemming from the fact that
heterogenceity of background rates within a population can lead to completely
counterintuitive relations among rates in ditferently exposed subpopulations. in
some instances, there can be apparent effect reversal where none exists ™ Further
unrealistic assumptions, such as independence of exposure effects from
background risk across individuals, are needed to ensure that such phenomena do
not oceur.,”!

47 See Richard B Devereux, dppentte Suppressants and Valudar Heart Disease, 339 Now
ENGLAND T MFD 763, 760 (1G98)

48 See b1 Uall, MWefecwdar Piology i Radration Therapy The Potennal bapact of
Recombinant Technology on Clrarcal Praciice, 3UINT T Ran Oneol Biot Pavs (0190 [G28
{1994

49 See Robins & Greenland. #robabidin of Cansation, supra note 2. a1 1132-33

54 See James W Woupel & Anatohi | Yashin, Hererogeney Ruses Some Surprising Fffects
of Selectron on Pupulation iynamics, 39 AM STAT 176 ([985)

31 Ser Robuns & Greenland. Lstimabiliy and Fstimation, supro note 2, at 835-536, Robins &
CGreenland, Profabiliy of Cansation. supra note 2, at 1126, Vaupel & Yashin, supra note 50
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B. Competing Risks

Up Lo this point, we have ignored competing risks, as does the literature we
criticize. In nearly all situations, however, there will be other endpoints, such as
death from lung cancer or heart disease, that remove a person from risk of the
discase at issue. The impact of such “competing risks™ on the probability of
causation can be large,* and yet it is not adequately accounted for by the rate
fraction formula. This problem becomes cspecially worrisome at older ages, when
competing risks become common.

To get u sense of the possibilities, suppose in a given cohort three cases of
bone cancer would have occurred among women ages 635 to 74 without
occupational radiation exposure, but the exposure caused two of these cases to
cccur earlier (but still in the 65-74 age range)} and caused one of these cases to die
of leukemia before getting bone cancer. Both of the two bone cancer cases would
have exposure involved in their etiology, for a probability of causation of 100%.
Yet the causal rate fraction for bone cancer among these women would be
approximately (2 - 3)72 = - 0.50. This negative value only retlects the fact that
the exposure killed a potential bene cancer case before the cancer occurred. Thus,
even though the rate fraction properly reflects the fact that exposure reduced the
rate of bone cancer among women ages 65 to 74, il conceals the fact that
exposure harmed every one of the cases.

The preceding example illustrates a more general problem with assuming that
ordinary rate calculations or hazard models automatically and successfully
account for competing risks. Standard methods assume that competing risks occur
independently of the study disease, an assumption that is dubious in many
situations and questionable in most.™ For example, it is plausible that individuals
especially susceptible to chemical or radiation carcinogenesis in one organ system
are also especially susceptible to cancers of other systems because they possess
unmeasured genetic risk factors or poorly measured dietary risk factors. This
correlation of susceptibilities leads to dependencies like those just illustrated and
¢an render useless any conventional estimate of the probability of causation even
if exposure acts independently of the background ™

C. Effect Reversal

So far, we have assumed that exposure never prevents or forestalls the
disease at issue. Occasionally, however, the assumption may be challenged. For
example, some authors have suggested that low dose radiation exposures may

52 See Rabins & Greenland. Estrmakbiliny and Estemation, suprag note 2. at 855, Robins &
Greenland, Probability of Causation, supra note 2, at 1132,

53 See Robins & Greenland, Prebabiliny of Causation, supranote 2, at 1126, KALBFLEISCH
& PRENTICF. supra note 43

54 See Rohins & Greenland. Fsimmabiity and Estimation. supra note 2, at 836; Robins &
Greenland. Probabidity of Causation, supra note 2. at 1131
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protect some individuals from the same cancer types caused by radiation.™ if a
predominantly causal exposure is sometimes preventive. the rate fraction can
underestimate the probability of causation even if the exposure effects are
independent of the background.™ If the frequency of these preventive effects is
not negligible compared to the frequency of causal eflects, this underestimation
is important even if the time of disease incidence is not relevant to damages.

To illustrate this point. suppose that the causal and preventive effects of
exposure occur disjointly of one another and independently of background. Any
preventive effects will reduce the total number of exposed cases without reducing
the number of causal effects (i.e., cases cansed by exposure). Consequently, these
preventive effects will decrease the incidence rate among the exposed and
decrease the rate ratic and rate fraction. Yet, by decreasing the total number of
cases, they will increase the proportion of cases caused by exposure (the etiologic
fraction). In this fashion. the coexistence of causal and preventive effects will
drive the rate fraction and probability of causation further apart than they would
have been otherwise.

IV. COMPENSATION SCHEMES

If the PC = RT formula is so deeply flawed, why has it become entrenched
in the American legal system? Onc reason, of course, is that its flaws remain
largely unrccognized. Another is that, like many other incorrect beliefs, it
satisfies a pressing socielal need. Workers® compensation programs demand a
standardized method of awarding compensation to persons potentially injured by
an exposure. Although stricter standards are needed in tort cases, there is
nonetheless a necd for some standard.

In this section, we argue that the worst consequence of the PC = RF formula
stems from its translation into a dichotomous decision rule that misinterprets a
refative risk greater than 2 to mean “more probable than not.” We further argue
that, once the distinction between the probability of causation and rate fraction
is recognized, the probabiiity of causation may provide a poor basis for equitable
compensation schemes,

A, The More-Probabie-Than-Not Rule

A common scheme based on PC = RF is the "all or nothing” rule mentioned
garlier: If IR > 2 so that RF = %%, the jury will fully compensate the plaintiff
because PC = 1%, and thus it is “more probable than not” that exposure caused the
plaintiff’s disease. Conversely, if IR < 2 so that RF < !4, the jury will deny
compensation or decide for the defense on the grounds that PC < 1%, and thus it

35 See Marvin Goldman, Cancer Risk of Low-feve! Exposure, 271 SCIENCE 1821, 1821 (1998)
56 See Robins & Greenland. Probability of Causation, supra note 2. at 1130-31.
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is “more probable than not” that exposure had no role in the etiology of the
plamntifts discase.™

The irrationality of this compensation scheme foltows from the factthat there
is nao hasis for inferring PC = '% from epidemiclogic data in any of the cases at
tssue. Bven il the probability of causation were known, however, the scheme
would remain unjust because 1t would never compensate anvone harmed by an
exposure that caused fewer than half of the cases. This scheme shields from
liabitity the party responsible for a harmful exposure or product. as long as the
number of cases caused by the exposure dous not exceed the number of cases that
would have occurred among the exposed had they not been exposed.™

For example, if it were established that PC = RIF for an environmental
contammant, an industrial facility could feel free 1o release the contanminant into
its environs. as long as it carcfully monitored its releases to insure that the
surrounding community did not recerve a dose capable of doubling the rate of any
discase Lnder the “all or nothing rule.” a release known to be capable of
mereasing the childhood feukemia rate by 90% would not subject the facility to
any tability. even if the release caused a local epidemic. In its defense. the
facility could simply point out that its action did not double the childhood
leukemia rate. s0 no case was “more probably than not” caused by its action. A
sinilar rationale could be used by emplovers to allow workplace exposures to
known hazards. For example, an employer could dismiss workers from jobs with
hazardous exposures before workers accumulated an exposure dose known to
elevate rates by twoftold ormore. The only current safeguards against such abuses
are that courts may consider intent and ignore PC estimates when deciding cases.

Conversely. the “all or nothing™ rule can excessively reward plaintifts. For
example, suppose it were established that PC = RF = 51% for some class of
nlaintiffs. All of these plaintiffs could receive full compensation even though
nearly half suffered no damages from the exposure. Consequently, a delendant
could be held liable for up to twice the damages it actually caused.

B. Partlial Compensation Schemes

To avoid the problems of the “all or nothung™ rule, other schemes have been
developed to provide partial compensation for PC below one half.” The simplest
scheme compensates plamtiffs in dircet proportion Lo their PC. For example,
suppose a given leukemia case would receive $1 million from a defendant # it
were established with certainty that the defendant’s action caused the plaintiff’s
chsease. Instead, it the probability that the defendant’s action caused the disease
was known to be 0.30, the case would receive 30% of full compensation, or
$300.000.

37 tHlateh, supra note 20
SR See, e gl STEVEN SHAVFLL, FCONOMIC ANAl YSIS OF ACCIDENT Law 11617 {1987}

vdeseriting advantages and disadvantages of recovery iy proportion to the probabiity of causation}
30 See Armstrong & Thenault. swpra note 4, Wakeford et al - supre note 4
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While arguably more just than ~all or nothing”™ schemes,™ partial payment
schemes based on PC stll falter because the probability of causation is not
estimable without strong and controversial biologic assumptions. Even 1f the
disease biology is known, there s an aspect of these schemes that is arguably
unfair to defendants. As described earlier. the probability of causation can be |
for every case even if the rate fraction IR 15 close Lo 0. Il research established that
PC . adefendant could be liable to fully compensate every single case of a
disease, regardless of how small the impact of the defendant’s actions (s on the
discase rate. Although such a judgment might in practice be precluded by
consideration of e mynmus harm, the possibility reveals a tundamental
weakness 1 contpensation proportional to PC.

C. Schemes Based on Rate Fractions

Recounizing the profound problems associated with PC schemes. some
commentators have proposed a proportional compensation scheme with the rate
fraction replacing the probability of causation in the compensation formufa.™ In
the ubove example. the plaintiff would receive S300,000 if it were established
that the rate fraction was (¢ 30 Without the PC misinterpretation of RF, there is
no basis for claiming that a rale ratio above 2 corresponds to the “more probable
than not” judicial standard, and the ““all or nothing™ rule is more easily seen as
arbitrary I'he rate fraction simply becomes the share of full compensation that
the plamtifl reccives or his “assigned share.”

Compensation schemes bused on the rate fraction are severely flawed. Even
if'the discase is rare, the exposure is never preventive, and there is no confound-
ing or modification of the rate ratio. the value of the causal rate ratio, and hence,
the causal rate fraction, can increase as the degree of stratification by predictors
of disease increases.” In particular, although it will not increase under an 103
model, it must increase under an accelerated-incidence model ™ For example. it
may be that the causal rate ratio for women age 45 is 1.3, but upon stratitication

-

by a given genolype. this ratio becomes 3 at each genotype level. Upon

60 For discassions of the desicabibity of proportional compensaiion in varous situations, see
Dawvid Kave, She Lonsts of the Preponderance of the fvidence Srandord Justifiablhe Nabed
Stanstica! bvidence and Multiple Cunesaton, 1982 A0 Bar FOUNDATION RES T[] aw & SocaL
IngQUIRY | 487 reprinted in LVIDUNCE anD PRODE (Wilham Twining & Alex Stem eds, 1992,
Shavell, supra note 38, @ 1 16-17

6] See Lagakos & Musteller, supra note | oat 34647

62 See rd | Coxn, Ir, Statistecad fsswes. supranote | oat 7

63 See generally Robms & Greenland. fstimabiliny and Estimation. supra nole 2, at $35-38,
Robins & Greenland Probabidiy of Cavsation, vupra note 2,9t 1134-38, COxX & OAKES. supra noty
44, Sander Greenlund, dhsence of € onfounding Does Not Correspand 1o Collapsibiliny of the Rawe
Rate wr Rate [ufference, 7T TUIDEMIOLOGY 498 (1996) [heremalter Greenland, Adseace of
Ceomfounding ], Sander Greenland et al | Confoundmg and Collapsibiinte vr Causal Inference, 14
STaT SCIENCF 29 46 (1999 [heremnalter Greendand et al | Confounding and Collapsibiinty

64 See geaerally Rotims & Greenland. Lsiomabiite and Estimation, supra note 2, Robins &
Greenfand, Profabiny of Cansation. supra note 2

=73
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stratitication on a further genotvpe, the ratio becomes 5. and so on. This
phenomenon of noncoltapsibility of the causal rate ratio™ preciudes establishing
“able compensation schentes based on the rate fraction ** Schenes with paymcent
proportional 1o years of lile Jost do not suffer from this problem.*’

D. Schemes Based on Years of Life Lost

Lnlike the probability of causation. the rate fraction varies directly with the
disease-free vears of life lost due to exposure. Unfortunately, this relation will not
he one of direet proportonaliy. except under implausible mathemalical
restrictions. Such proportionality is arguably desirable when damages are
propartional w vears ot Life lost,

Uhie might use several compensation schemes to approximate such
proportionality One approach is to make compensation directly proportional to
an estimate of the age-specific expected years of life lost under a biologic model.
Unfortunately _aswith probability of causation. the age-specific vears of life lost
due toexposure cannot be estimated from epidemiologic data without restrictive
bidogic assumptions.™

Desplte ther limutations, compensation schemes based on years of life lost
lielp ensure that all cases suftering loss from exposure receive some compensa-
tion They also Hmit defendants™ liability to the total years of life lost due to
exposure i1 the whole population, because errors caused by using an incorrect
biodowic model will tend to average oul across age-specific estimates of years of
Iite lost.™ In contrast, such model errors will #of average out across age-specific
cstimates  of the prohability of causation excepl under very special
circumstances, ™ For example. if IR = .5 and PC = 1 at all ages and an 10B
model 15 used to estimate PC, the expected PC estimate from unbiased data will
be only 33% at ¢l ages.”

V. UNCERTAINTY IN ESTIMATES

Assume now that all parties understand the basic conceptual problem and
ahandon the probability of causation in favor of an epidemiologically estimable
guantity. such as the expected vears of life lost. We then must confront the
methodologic problems that contribute to our uncertainty about the chosen
quantuly. These problems are widely recognized, but often are not quantified
realistically. Usually. the sole quantification of uncertainty in a study cstimate is
bised on assuming that the data arose from random sampling of a target

63 See Greenlond, thsence of Confoundmg. supra note 63

Af See Robins & Greenland. Probabiley of Causation. supra now 2

67 See generatly Robins & Greenland, Hasardous Exposure | supra note 2
A% see d oo BO-82

AU Seerd wt 7993

Tib e red

71 bor a more detaled discussion of vears of e lost and compensation schemes. sew
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population in which exposure was randomized within levels of adjustment
variables. " Even the mostelementary sensitivity analvses reveal that the resulting
statistics seriously understate the uncertainty one should have about obscrvational
estimates ol cffects.”™ Meta-analytic summary cstimates are no better in this
regard—they simply add an unrealistic assumption that the effects estimated by
studies arc homogeneous for fixed-effecls summaries or constitute a random
sample of effects from some abstract “population of effects™ for random-effects
summaries, and tfurther understate uncertaingy.™

The preceding cautions apply to v use of epidenuiologic data to estimate
causal effects, regardless of whether incidence time is important. Cstimation of
effects and quantification of uncertainty bascd on observational data are topics
surrounded by heated phitosophical disputes and formidable technical problems ™
Hence, there is no complete and generally accepted methodology for causal
inference from observational data. I'bere are cven disputes about inference from
randomized trials, especially those that suffer from severe nonrepresentativeness
or noncompliance.™ Even i there were such an accepted methodology. however,
another difficult problem would remain - that of how a court or agency should
account for uncertainty in the estimates.”

72 See Suoder Groenland. Randomizanon, Statisnes, and Causal inference. 1 FRLLAIOLOGY
210 1890)

T3 Nee generally wd Davad A Freedman, Js Qs See Uy A Case Soede v Pade -Dralysis,
12 0 Lpee Star 101 122-27 (1987, David Oraper. Assessment qud Propagacan of Moded
foncerrane 370 Roy 81w Soc B A5 47 49 (1995 Pal £ BOROSFNBAL M. OBSIRVATION AL
STURITS 87035 119931, Sander Greenland. Havie Methods of Sensuny doahss, 23 N7 ]
oLl oy TLOT=16 019963 John B Copas & 11 G D L dnferance for don-Random Sampiey 59
IRoy SNTar Soc B S S5-57 (19970 James M Robins et al | Seasinity Avalvsns for Nedection
Biges i Messing Date and Cavesedd Tnference Models, m ST US NCAL MOBELS INTMDEMIGLOGY. HE
LN VIRONMEN T N0 LNICAL TRIALS 19206 Elizabeth Halloran & Donald Berry eds., 2000 John
B Copas. Hhat Works ? selecrnn Models and Meroeanalysis, 1621 Roy 5140 SoC A 95,97,
LFF LR (199

T4 See Copas, supre note 73, a1 93 97, Sander Greenland, A Crincad Look ae Some Popular
Mera-Analvie Methody, 130 AN [ LPIDIMIGLOGY 200, 290-494 ([994)

75 See Oreenland supra note 72, Freedman, supra note 73 at 101- 03, Draper, sypra note 73,
at 65367, Robuns ot ol | sipranote 73, Copas, spgrg note 73, at 95-98. loseph Gastwiarth et al _ #om
a Courr dccepted i Impossihle Explanation 48 AN S1a0 313,304 15 01994), Charles Poole &
Sander Gireenland ffow a Conrt Accepred o Possible Explanation 4 Comment, 31 Am S141 112
(19971 Joseph 1. Gastwirth et al | Snguesconabiy fmpossible - Reply 51AM STAT L5 {1997,
Tin Mintz & Willtid [hon, Cfyection Overrnded, 31 AN Stat 117 (1997), Paul Humphreys &
David A Frecdman The Grand Lecp, 4T RRT ) PRI SC0 113 (1996), Kevin B Korh & Chris &
Wallace, Jn Search of the Philosopher s Stone, A8 TiRD ) Pl Sc1 543 (1997, Peter Spirtes et ab
Reply tn Humphreys and Freedman s Review of "Causanon, Prediction and Search ' 48 BRIT )
P Sor 555 (1997 Mark Parascandola, Charces Fadhviduads and Toxie Fors, 141 AveL PHIL
147, 148=31 (997 Conis Howson & PETER DTREACH, B IENTIFIE REASONING  THE BAaYES A~
APPROACH (2d ed 19931, Sander Uircenland, Probabidiy Logie and Probabilsuc nduction, 9
Crisisioroagy 322-32 (19981, JpEa PRakl CalsALITY MODELS, REASONING. AND INFRRENCL
(20007, see aise Copas & [ supra note 73

6 See HOwsON & URBACH, Supra nte 73

77 See Donald B Jose, fhe Linntutions of Probabiliny of Causation, 29 NUCLEAR NEws 34,
41 (1986, CARLD CURANOR, REGLLATING FONICSLIESTAM LS A PHILOSOMHY OF SUIENCF ANDTHE
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e N v

Over the past two decades, the concept of “probability of causation™ and
equating this concept with attributable-fraction measures have become en-
trenched in law, policy. and the health sciences. This entrenchment oceurred
despite carly and extensive explanations of why the equation is flawed. These
explanations have mostly been ignored, improperly cited, or misunderstood. The
perpetuation of this conceptual errer has promoted logically unsound uses of
epidemiologic data to make compensation decisions.

Law 4448 {1993} {discussing public policy 1ssues of courts and agencies using epidemiological
data)
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APPENDIX: BOUNDS FOR THE PROBABILITY
OF CAUSATION AND THEIR RELATION
TO RATE FRACTIONS

For simplicity, we assume that discase is nonrecurrent, exposure is never
preventive, and there are no competing risks,™ With these assumptions, the
average disease risk up to time t if exposure had not occurred. R,(t), cannot
exceed the average risk given that exposure did occur, R (t).

A. Lower Bounds

Suppose the biologic mechanism of exposure action minimizes the fraction
of cases affected by exposure under the risk distributions R (1) and R,(£). 1f R ()
and R,(l} have probability densities fi(t) — dR,(1)/dt and f(t) = dR{t)/dt, the
minimum is attained if the differences f{t}) — f,(t} are solely due te exposure
shifting case occurrences from times t with f,(t) < f,{f) to earlier times u with £,(u)
= f,(u). Under such a mechanism, the chance of getting disease at time t because
of exposure. given that exposurce occurred. is £1(t) — £{0 if () > £;(1), and 0
otherwise, We then obtain the minimum probability of causation among exposed
casts ocourring at time t, m(t), by conditioning on (dividing by) the probability
of disease at t among the exposed, so that

m(t) = [£(0) ) - fOVR () = 1= T f £{1) >1(1),
and m(t) is zero otherwise. Furthermore, the minimum fraction of exposed cases
affected by exposure is the sum {integral) of the minimum time-specific
probabilities,
Ty - E{widu = fm{u)fi{u)du,
i G
where G is the set of all imes ( with f (1) > f.(1).
Now, let 5,{1) = | - R, {) and S,{1) = | — R,{t) be the survival distributions
with and without exposure, and let [,(t) and [,(t) be the corresponding time-
specific incidence rates, given by™

(D) = TS (0,1 = 0,1.

Then f(1) = I{)S(t) andso
mit)y=1- L®3,H .
L{1)S, ()

78 Without these assumplions the discrepancies bedween BE and PC can be even larger than
desenbed here, as explained m the text and Robins & Greenland, Estimability and Estimation, supra
note 2, at 84748 Robins & Greenland. Praobaminy of Causation, supra nte 2, at 1131

79 See KALBFLEISCH & PRENTICL, supra note 43, COX & OATES, supra note 44
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[1, as is often true, the exposure cffect on survivorship to 1 is smail, so that
SAtyS {0 1 {often less accurately described as a “rare-disease’ assumption),
then

mity = |~ Loyl = [H0 - LR,

which s the time-specific rate fraction ® This relation 1s why we claim the rate
traction. while not a reasonable estimate of PC, can sometimes be a reasonable
lewer hound for PC. Without the given assumptions, however, RF may be a poor
lower bound, us well as a poor estimate of PC.*

B. Upper Bounds

Any pair of risk functions R {t) and R.(t) with R (() > R.(t) at all t are
compatible with an accelerated-hte® mechanism of exposure effect, in which a
person who would have gotten discase at t, when exposed instead gels disease at
U =5, '[S.t)) when unexposed.” With such a mechanism, t, < t, for all t, > ,,
where

(= infiu: Ri{uy = R,(w)}

is the carhest time at which exposure eftects appear. and so the probability of
causation will be | for exposed cases occurring after (,, and 0 for cases occurring
betore t,. In general, 1, will be unknown. But if't, is an upper bound for t,, then
PCwill alse be | tor exposed cases occurring after t,. For cases occurring before
L.t i dentifiable 1F R, (t) and R.(1) are identifiable. [n theory, one could develop
a posterior distribution Fit,) for t, from epidemiologic data. Under the
accelerated-life model, F {t) would be the corresponding posterior probability of
causation anong cases oceurring at time t. F (1) is the posterior probability that
these cuses occurred atter the unknown time t,,

A0 Nee Robins & Crreenland. Esimabiliy and Estimartion, supranote 2, at 848-34, Robins &
Creenland, Probabiliny of Cawsanion, supra note 2, at 1129-31

81 See wd

B2 Nee CON & JATES, supranote 44 a0 73 -76

83 See Rohws & Greenland. Estimabiluy and Estmation. supra note 2, Robins & Greenland,
Probabidiy of Causation. supra nte 2
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