
I. My Qualifications  as a Scientist, Epidemiologist, and Physician to Offer Opinions Concerning (1) the General Causal Relationship Between Chemical Substances and Human Disease, in General, (2) Between TCE and PCE and Cancer in Humans, in General, and (3) Between TCE and PCE  and the  Specific Types of Cancer Diagnosed in Individual Plaintiffs in this Case  --  My Education, Training, Practical and Teaching Experience, Professional Honors and awards, Professional Reputation, and Pre-Litigation Research Concerning TCE and PCE.
My name is David Michael Ozonoff.  As detailed below in my Curriculam Vitae, which is attached to this Report as Exhibit A, I am the Chair of, and a Professor in, the Department of Environmental Health in Boston University’s School of Public Health.  My business address is the Department of Environmental Health in Boston University’s School of Public Health, 715 Albany Street, Boston, MA 02118.  

A.   My Academic Experience and Duties as the Chair of, and a Professor in, the Department of Environmental Health in Boston University’s School of Public Health

In 1977, the Dean of the Boston University School of Medicine asked me to design a new academic program and department in Environmental Health at the newly forming Boston University School of Public Health.  I have served as Chair of the Department since that time, advancing academically and being promoted to full Professor in 1985.  

In my capacity as the Chair of the Department of Environmental Health, I am responsible for the research and teaching programs in the field of environmental health for all the doctoral students enrolled in our Department's doctoral program (currently one dozen doctoral candidates) and all the Masters students (currently approximately 600 candidates).  I supervise the research and teaching of the Department’s twelve other professors, including four other epidemiologists, two molecular immunologists/toxicologists, one toxicologist, one neurologist, and one neuropsychologist.

In addition to serving as Department Chair, I am a full Professor and I carry a full teaching load.   I have been teaching courses in epidemiology, the scientific method, and scientific reasoning, and related subjects to doctoral and masters candidates virtually every year since 1977, through and including the present academic year.  I have taught epidemiology at Boston University for nearly a quarter century, from the time, in 1977, when I was appointed to the faculty of the Boston University School of Medicine (and the Medical School’s “Program in Public Health,” which has since become a separate “School of Public Health”).  

In addition to teaching epidemiology, I also supervise epidemiology-related dissertations of doctoral candidates.  Perhaps most pertinently to this case:

1. 
Two years ago I taught a special advanced seminar on  the Toxicology and Epidemiology of the Chlorinated Ethylenes (primarily TCE and PCE) at the School of Public Health.  

2. 
I currently chair the thesis committee of a student who is finishing his dissertation on an important topic in epidemiology: Sources and Nature of Aggregation Bias in Environmental Epidemiological Studies.  

3. 
I co-teach the School of Public Health’s course in Environmental Epidemiology, which carries Environmental Health credit but is listed primarily in the School’s Epidemiology and Biostatistics Department.  

4. 
I also teach the course in Mathematical Models for Medicine and Public Health, which primarily teaches the fundamentals of models used in epidemiology and toxicology

5. 
From 1977 to 1980, I was in charge of the epidemiology instruction for all medical students at Boston University’s School of Medicine, and in those same years taught the basic epidemiology course at the School of Public Health.

6. 
I also co-taught the course in Cancer Toxicology in 1983-84.  

Significantly, in teaching these courses I have used (and have instructed my students to use) the same weight-of-the-evidence methodology and relied upon (and instruct my students to rely on) the same types of data and studies (epidemiological, animal, and chemical/structural) that I used and relied on in forming my opinions for this case.  Furthermore, in my role as Department Chair, I know that other members of my department, as well as faculty members in other departments of BU’s School of Public Health routinely, also use the same methodology and rely on the same types of data as I did in forming my opinions in this case.

B.  My Epidemiological and Basic Science Research as a Consultant for Government Agencies 

In addition to my teaching and supervisory responsibilities, I have been actively engaged in basic scientific research for the past 35 years.  Among other things, I have been the principal investigator or co-principal investigator on some of the largest and most complex environmental epidemiology studies done to date anywhere in the world.  

For example, since 1988 my Boston University colleagues and I have been investigating the effects of PCE exposure in the drinking water of thousands of residents of Cape Cod in Massachusetts, under grants from the National Institutes of Health (NIH) and the Commonwealth of Massachusetts, and in the last eight years we have published three epidemiological studies on PCE and cancer in the peer review literature.  

I am currently involved in major, non-litigation work as an epidemiologist under several state and federal grants:

I am serving currently as the Director of a federally funded $12 million dollar Superfund Basic Research Center at Boston University (NIEHS P42 ES07381) that involves the work of eight other senior investigators and their staffs, investigators who specialize in the fields of epidemiology, toxicology, molecular biology, biochemistry, and ecology.  The funds for this National Institutes of Health (NIH) administered center were awarded after an extremely competitive application process, with full NIH peer review procedures. Three of the research projects are centered on health effects of PCE. Two are epidemiological studies, the third toxicological (molecular biology).
Another state funded project under my direction involves developing new methods for spatial analysis of epidemiological data.  Exploratory spatial analysis of disease and exposure patterns with a Geographic Information System (GIS) is among the most promising of new techniques and technologies.

I am also serving as principal researcher on a government sponsored project, the Boston Environmental Hazards Center (BEHC), which is a science-based unit located at the
 Department of Veterans Affairs (DVA) Medical Center.  The mission of the BEHC is to pursue basic and applied research in the fields of environmental and occupational health, to provide consultation to federal agencies in these fields, and to train professionals interested in these areas of specialization.  It is a joint program, involving a collaborative effort of scientists, with the Boston DVA Medical Center and the Boston University School of Public Health.
 
2. 
I also have served in an advisory capacity to many government agencies, local, state and federal, on a regular basis.

a. I have been appointed to an important chartered Federal Advisory Committee to help the EPA fashion a new rule for water treatment;

b. I have been appointed to a National Research Council/National Academy of Sciences Committee to consider how the EPA might identify emerging threats to the health of our nation’s drinking water;

c. I have been re-appointed to a high-level chartered Federal Advisory Committee (the Advisory Committee on Energy-Related Epidemiologic Research) to give advice directly to the Secretary of the Department of Health and Human Services (HHS) and the Director of Centers for Disease Control (CDC) on health studies related to the nation’s many nuclear weapons facilities; 

d.  I was asked to, and did, chair a working group on the epidemiology of multiple chemical sensitivities for the National Academy of Sciences (NAS)/National Research Council (NRC).

e.  I was asked to, and did, serve as a member of a Government Accounting Office (GAO) panel on hazardous waste site health assessments.
f.  I was asked to join and am a member of EPA's Dioxin Review Panel, a group of expert consultants to the USEPA's Scientific Advisory Board.  

g.  I was asked to and did chair the Study Commission on Environmental Health Needs of the Commonwealth for the Massachusetts Commissioner of Public Health; and

h. I was invited to join and am a member of the Massachusetts Cancer Registry Advisory Committee.
Significantly, in undertaking research for some government agencies and in advising still other agencies both I and my colleagues regularly used (and still use) the same weight-of-the-evidence methodology and relied upon (and still rely on) the same types of data and studies (epidemiological, animal, and chemical/structural) that I used and relied on in forming my opinions for this case.  

C.  My Experience Writing, Refereeing, and Editing Articles for Numerous Peer-Review Journals 

1.    The methodology I used and the data I relied on this case is consistent with and has been validated by the many peer review articles I have written or co-authored  In addition to the six (6) peer-reviewed articles that I have co-authored on the relationship of PCE or TCE and cancer (written in conjunction with the ongoing, 13 year-old, State and NIH-funded study regarding Cape Cod drinking water), I have published 72 other peer-reviewed articles, editorials, chapters, or comments (or chapters), including many in the world’s most highly regarded medical journals.  These journals include:

The New England Journal of Medicine

The Lancet

Radiology

Archives of Environmental Health 

Environmental Health Perspectives

International Journal of Epidemiology

American Journal of Industrial Medicine

American Journal of Public Health

Toxicology and Industrial Health

the  Encyclopedia Brittannica Health and Medical Annual

Noble’s Textbook of Internal Medicine and Primary Care

Public Health Reports.

I have been asked to write editorials on scientific topics on five separate occasions by The Lancet, one of the world’s premier medical journals.  I also have presented more manyh dozens of papers at national and international meetings.  

Many of these articles and papers either reflect and validate the same weight-of the- evidence methodology and same kinds of data that I used and relied on in devloping my opinions about the carcinogenicity of PCE and TCE for this case, or expressly focus on the scientific method, in general, and epidemiological methods, in particular.

Thus, many of the articles I have written not only discuss ongoing research and considered conclusions but also reflect my longstanding and deep interest in fundamental epistemological questions surrounding explanation in medicine, biology, and the law.  This interest began during my undergraduate years at the University of Wisconsin (where I studied, among other things, the philosophy of science and mathematics) and continued both during my training as a physician at Cornell University Medical College (where my senior thesis examined the logical status of functional explanations in medicine), and during my post-doctoral training in public health and epidemiology at Johns Hopkins (where I studied, among other things) the history and philosophy of medicine and public health.  

One of my earliest publications was on the subject of scientific explanation (Ozonoff, D.  "An Attack on 'A Defense of Vitalism,'" J.  Theoretical Biology, 24:l2l, 1969).  On my arrival at the Boston University School of Public Health I originated the course in The History and Philosophy of Public Health and taught it for several years.  My scholarly publications since have frequently visited various aspects of science and scientific explanation as they relate to legal and regulatory matters.  See, for some examples, Krimsky, S.  and Ozonoff, D.  "Recombinant DNA Research:  The Scope and Limits of Regulation," American Journal of Public Health, 69:l252-l259, 1979; Boden, L., Miyares, J.  R., Ozonoff, D., "Science and Persuasion:  Environmental Disease in U.  S.  Courts," Social Science  and Medicine.  27:1019-1029, 1988; Ozonoff, D.  Review of "Asbestos:  Medical and Legal Aspects," by Barry Castleman.  Am.  J.  Ind.  Med.  12:113-115, 1988; Ozonoff, D.  "Medical and Legal Causation," in Landrigan P.J.  and Selikoff, I.J., eds., Occupational Health in the 1990s:  Developing a Platform for Disease Prevention, Ann.  NY Acad Sci, 572:23-26, 1989; Ozonoff, D.  "The Discovery of Occupational Disease by the Workman's Compensation System in the l930s," paper presented at the Annual Meeting of the American Association for the Advancement of Science, May 1984; Ozonoff D, "Woburn Hazardous Waste Case," paper presented at the Annual Meeting of the American Public Health Association, New Orleans, October 1987; and, on matters of methodology, Ozonoff, D.  and Wartenberg, D.  "Toxic Exposures in a Community Setting:  The Epidemiological Approach," in Groopman J, and Skipper P, eds., Molecular Dosimetry and Human Cancer; Analytical, Epidemiological and Social Considerations, CRC Press, Boca Raton, FL, 1991; Ozonoff, David, "Conceptions and Misconceptions about Human Health Impact Analysis," Environmental Impact Assessment Review,  14:499-516, 1994.

The methodology I used and the data I relied in developing my opinions about the carcinogenicity of PCE and TCE for this case are consistent with and have been validated by the many peer review articles I have reviewed and approved for publication as a peer review referee and editor, and have seen approved for publication by my fellow referees and editors.  

2.   My work as a peer review referee and editor -- I am on the editorial boards of Archives of Environmental Health and the American Journal of Industrial Medicine, for which I frequently perform peer-review duties, and I have served as the Book Review Editor of Public Health Reports.  I also perform peer review for many other scientific journals on an ad hoc basis, including the Journal of the American Medical Association (JAMA), New England Journal of Medicine, Chest, Science, The Lancet, the American Journal of Public Health, and many more.  

3.  My experience co-authoring the six peer review articles on PCE and TCE predates, reflects, and validates experience and the methodology I used and data I relied on in developing my opinions about the carcinogenicity of PCE and TCE for this case. The six peer reviewed articles on the relationship of PCE and cancer that I have described above (all of which written in conjunction with the ongoing, 18 year-old government-initiated concern and study regarding Cape Cod drinking water) are particularly relevant in evaluating both my overall qualifications to offer opinions in this case and the reliability and validity of the methodology I used and the data I relied on in devloping my opinions about the carcinogenicity of PCE and TCE for this case.   

These articles are significant in three respects:

a. these six articles were co-authored by 9 other scientists, all but one of whom have never had any connection to this case, the Abel case, or the Lofgren case.  Thus, the impartiality and independence of these authors is not in question.

b.  all of these six articles predated my involvement in this case.

c.  all of these six articles reflect the experienced judgment of the grant makers of two different federal and state agencies or the experienced judgment of the peer review referees and editors of four different journals during an 18 year period that the methodologies I used, data relied, and conclusions reached in this case reflect sound science.

4.   My Academic Training and My Work as an MD -- In addition to my academic duties and my government-funded basic research, I am a licensed medical doctor (M.D.) and  I am an active practitioner, researcher, and teacher in the field of public health (or medicine) (public health is a discipline that involves the examination the health of, and suggests preventive measures and remedial treatments for, populations rather than individuals).  

I received my BS degree (Mathematics) from the University of Wisconsin (Madison) in 1962 and my MD degree from Cornell University Medical College in 1967.  My Senior Thesis in medical school concerned the logical standing of functional explanations in biology and medicine.  

I obtained my post-doctoral Masters Degree in Public Health from The Johns Hopkins University – School of Hygiene and Public Health in 1968 (where I took courses in epidemiology and epidemiology-related subjects, including Principles of  Epidemiology, Chronic Disease Epidemiology, Mathematical Probability Theory, Stochastic Processes, and Demography).

I received a license to practice medicine as a physician from the Commonwealth of Massachusetts in 1973.

From 1968 to 1977 I served on the research and teaching staff of the Massachusetts Institute of Technology (MIT).  While at MIT I taught and conducted basic research on such things as the morphology of the red blood cell and the use of engineering methods in radiology and clinical medicine, including research on the development of what later came to be known as the CAT scan.

From 1971 to 1977 I held an appointment in the Department of Radiology at the Peter Bent Brigham Hospital (one of the teaching hospitals affiliated with and administered by the Harvard Medical School), where I investigated problems in diagnosis using conventional chest x-rays.  

In 1975-76 I was also a Macy Fellow in the History of Medicine and Biological Sciences at Harvard University.

In 1976-1977 I was a Mellon Fellow in the History of Public Health at MIT.


In 1994 I was appointed Medical Director of the Boston Environmental Hazards Center of the Veterans Administration (VA) Medical Center in Boston in 1994, and I have held an appointment on the staff of the Boston VA Medical Center.  

Throughout my training and experience as a physician (and throughout my teaching of other physicians and scientists) I have become familiar with, have regularly used, and have come to value the same weight-of-the-evidence methodology and the same kinds of data and studies (epidemiological, animal, and chemical/structural) that I used and relied on in forming my opinions about the carcinogenicity of PCE and TCE for this case.

5.   My Membership in Professional Societies and Professional Honors and Awards I have received -- I have been honored by both my teachers and my professional colleagues in various ways in the last 40 years, including:

being named a National Merit Finalist in high school, 


being awarded a baccalaureate in Mathematics with Honors from the University of Wisconsin (Madison), 

winning back-to-back post-doctoral fellowships at MIT and Harvard

being asked to serve on the editorial boards of (or serve as a peer review referee for) many of the world’s most prestigious medical/scientific journals, 

being asked to consult for or serve in other varying capacities with or for numerous state, federal, and international health-related research agencies, including: 

The Centers for Disease Control and Prevention (CDC)

Agency for Toxic Substances and Disease Registry (ATSDR) 

U.S.  Environmental Protection Agency (EPA), 

the Veterans Administration (VA), 

the U.  S.  Public Health Service (PHS), 

the U.S.  General Accounting Office (GAO), 

U.S.  Department of Energy (DOE), 

U.S.  Office of Technology Assessment (OTA), 

the National Academy of Sciences/National Research Council (NAS/NRC), 

the World Health Organization (WHO), 

the Massachusetts Department of Public Health, 

the Massachusetts Department of Environmental Protection, 

the Massachusetts Medical Society, and 

the Massachusetts Departmental of Environmental Quality Engineering.

being privileged with membership in 11 professional societies, including:

the Massachusetts Public Health Association (the public health counterpart to the Commonwealth’s medical society) whose members elected me as their President for 1983-84,

the Society of Occupational and Environmental Health (I was elected to the Governing Council), 

the American Public Health Association (APHA), where I served two consecutive terms on the Program Development Board and also served as a member of its Governing Council (I also represented APHA to the Biological Sciences section of the American Association for the Advancement of Science (AAAS)), 

the American Association for the Advancement of Science (AAAS), 

the National Environmental Health Association, 

the International Society for Environmental Epidemiology, 

the International Association for Exposure Analysis, 

the Society for Occupational and Environmental Health (SOEH),

Mathematical Association of America, 

American Mathematical Society, and 

American Statistical Association.

B.  The Research and Analysis I Was Asked to Undertake in this Litigation 

I have been asked by the law firms of Cotchett, Petrie & Simon and Chimicles & Tikellis to make a scientific evaluation of the general causal relationship – if any – between two things:  (A) the cancers that have been diagnosed in a number of the individual clients these firms represent; and (B) the fact that these individuals were apparently exposed to quantities of two closely related chemical solvents, trichloroethylene (TCE) and perchloroethylene (PCE), in the air and water surrounding defendant Lockheed-Martin’s Burbank, California aircraft manufacturing facilities.
II.    THE SCIENTIFIC METHODOLOGY I USED IN DEVELOPING MY OPINIONS FOR THIS CASE
A.  Understanding the Differences in How  Science Has Been Evaluated by the Courts  the Courtroom Before and After The Daubert Decision
Differences between what scientists regard a causation and judges and lawyers regard as  causation have been the subject of much discussion -- in both cultures -- for decades.  When the Frye Rule governed admissibility decisions in both federal and state courts, the disparities seemed to command more attention than the similarities
.  The principal problem was that Frye was based on “general acceptance” of the validity of a specific tool or technique by relevant members of the scientific community, whereas the test for acceptance by scientists was not whether the consensus accepted a tool or technique but whether the tool or technique -- or methodology or conclusion -- was consistent with the rigors of the scientific method and scientific reasoninng.  rather than acceptance or consensus.  By imposing a standard of "general acceptance" the Frye Rule made the courts’ true task more difficult, although there was perhaps some comfort in the simple expedient of "vote counting" as a screening method.


Scientists, like most people, are philosophical “realists.”
   That is to say that they, like most laypersons, believe there is a real world that exists independently of their perception, that this real world can be "known," and that "science" is one such method to "know" this world
.  This does not mean, however, that scientists will always agree on what they “see” or the meaning and significance or what they see, any more than two eyewitnesses of the same event will always agree and what they see and what it means.  


Being an "eyewitness," too, is a way of "knowing the world" (seeing it with one's own eyes).  In the case of an eyewitness, the question of admissibility for the court is whether the witness actually did witness the events "with his own eyes," not whether the witness's testimony is "correct" or whether it agrees with other "eyewitnesses.” 


Similarly, the task for the court after the Daubert decision is to decide if an expert witness actually views the world as a scientist, rather than, say, as a layperson or a mystic.  The question is not if a scientist agrees with other scientists (the now abandoned Frye Rule), or whether the witness is "correct," but whether the witness is testifying about events "known" through scientific method and reasoning.


B.  
Appreciating the Fact That Vigorous Disagreements among scientists are The  Rule, not the Exception

In the context of the Frye Rule, it was disquieting to many observers
 that scientific experts for opposing sides could disagree so markedly.  Laypersons often assumed that scientists would rarely disagree because science is capable of “objective” confirmation and validation.  In fact, however, the history of science shows that disagreements among scientists are ubiquitous and that discord among schools of scientific thought is often both bitter and prolonged
.  As a panel of the prestigious federally sponsored National Research Council (NRC) noted last year:

It is disquieting to many nonscientists that scientific experts  representing different interests can disagree markedly. There is an implicit assumption that disagreement among scientists should be rare because is capable of objective if not always rare because science is capable of objective, if not always experimental, verification.  In fact, however, differences are common in science, although the arguments are spread out over many [different] research papers and long time spans and are usually couched in careful, if not polite, language.

But scientists recognize that disagreements are not only inevitable but a sign of the strength and vitality of a given discipline.   Courts are coming round to the say view.  In fact, the US Supreme Court recognized this phenomenon in its Daubert opinion, stating that if the history of science proves anything to a certainty it is that "there are no certainties in science."  The chief reason disagreements among scientists in the courtroom seems so stark is because time and space are compressed and the nuances of language erased in the adversary process.


While disagreements in science are commonplace, these disagreements are over applications of scientific reasoning and the judgments and the conclusions drawn from such applications.  With the Daubert decision the focus has correctly shifted to scientific method and reasoning itself, allowing scientists and jurists to see more clearly the similarities between the requirements of the laboratory and the courtroom.  


C.  
The Task of Scientific Practice:  Finding the Truth
1.  
Appreciating the Fact that "Facts" are Explanations


Any discussion of scientific method is best done in the context of science as it is actually practiced
.  Both the scientific method and legal processes attempt to find the truth ("the facts") by means of a defined set of rules and procedures.  (Here I am using the word "fact" in the sense used when a jury or other "trier of fact" arrives at a decision about "what is going on" or "what happened," i.e.,, an explanation.) It might be expected, therefore, that there will be great similarities between science and law as they each set out to decide between alternative sets of facts or explanations.   


The key questions are: how does a scientist answer scientific questions  (one type of which is "what causes what?") and how does a scientist determine whether the answers obtained are scientifically valid facts? Facts are "decided" by the scientific method, and although that process is not a trial, it too has its rules of evidence and procedure.  


As in the Law, scientists have subsidiary facts and ultimate facts.  In the biological sciences, the subsidiary facts may consist of empirical results from a scientist's own research, or the medical history of a patient, or a physician’s physical exam of a patient or review of a patient's medical record, and laboratory results for animal studies (bioassays) or chemical studies.  Subsidiary facts may also consist of whatever inferences, interpretations, deductions, or theories that are pertinent to the investigation or patient's problem that can be gathered from  the scientist’s own experience, gleaned from orally-transmitted experiences of the scientist’s mentors and colleagues, or drawn from the scientific literature.  


The ultimate facts are the conclusions the scientist or physician reaches about her object of study or her patient.  


The bridge between subsidiary facts and ultimate facts is scientific reasoning.  


Scientists select from the universe of subsidiary facts those they judge to be relevant to the question they are attempting to answer.  Scientists make this selection by evaluating work done by other scientists or from their own experience, and by determining whether a given theory, datum, inference, report, is useful and accurate.  Thus a scientist asks him- or her-self a series of questions, including, but certainly not limited to questions such as:  Does he believe this or that theory? What weight does she give to this study or that experiment? How confident is he about the data? 


Judgment is always and necessarily exercised in deciding what additional evidence bears on the results of an experiment or diagnosis of a patient, underlining the similarity to using an expert in court.  Indeed, disagreements in the scientific literature are often expressed in the different ways scientists construct supporting arguments from the same body of data or the same literature.  Thus, the phenomenon of "dueling experts," so characteristic of a trial, is also present in science, but in a less visible form, distributed across separate publications in the literature.

2.  
The Mechanisms that Scientists Use to Ensure that Scientists Are "Honest" -- and to Ensure That Science Remains Credible and Useful

Scientists have considerable leeway -- but not complete freedom -- in selecting useful supporting results from scientific research results and scientific literature.  Likewise, there are limits to what an expert can say in court:  not anything goes.  The Daubert decision instructs lower federal courts to ensure that the testimony that experts give is based on sound scientific reasoning, which is to say the same type of reasoning that scientists use when they are working in the real world of science (and medicine).  That is, scientists who testify in court are required to use the same sort of thinking, the same sort of standards, the same sort of “rigor,” and the same types of data and knowledge and inferences that  they use in normal scientific practice.  As such, the Daubert decision raises the question of what keeps things within accepted bounds in normal scientific practice.  Although there are codified rules of logic and procedure, there is also considerable latitude in the workings of what Professor Thomas Kuhn, one of the late 20th century’s preeminent philosophers of science, called  “normal science.” Indeed without this latitude science would not be able to adapt and progress.


There are three self-regulating mechanisms that operate formally or informally to keep scientific practice within accepted bounds -- and keep scientists “honest”.  I will refer to them as (a)  critical thinking (a habit of thought), (b) peer pressure, and (c) peer review.

 (a) 
Critical thinking:  Scientists are taught by precept and example to take a “hard look” at their own work and the work of colleagues.  In this respect, scientists resemble judges more than attorneys.  An attorney's job is to be a “zealous advocate” for his clients, i.e.,, to take and espouse a deliberately one-sided view of the world.  Good trial attorneys, however, will also try to look at things from their adversary's point of view, to anticipate difficulties and problems in their own case, and to evaluate how trial judges and appellate courts will view the claims he makes, the evidence he presents, and the argument he advances.  This is precisely the kind of self-critical thinking good scientists routinely engage in with respect to their own and other's science.


Like all virtues, critical thinking can be carried to excess and become an inappropriate and even paralyzing skepticism.  Put more simply, “the perfect is the enemy of the good.”  Mervyn Susser, one of the century's pre-eminent scholars of epidemiology and the former editor of the American Journal of Public Health, gives some interesting and informative examples and counter- examples of this phenomenon:

 Undue skepticism...  can be as dangerous as credulity to scientific progress and the improvement of health.  Only judgment can prevent the hypercritical rejection of useful results.  Rigorous and well-founded criticism of the work of Skodak and Skeels (on the mental performance of children removed from their families) deferred general recognition of the substantial effect of social milieu on intellectual development.  Karl Pearson's
 valid 1906 critique of Almroth Wright's data on the effectiveness of his typhoid vaccine did not deter the British Army from using it; had they been deterred, disaster might well have followed for the British and French forces in the trench warfare of World War I...The large-scale trials of the Salk polio vaccine in the 1950s also were strongly criticized.  Here too, had not the criticism been counter-weighted by the substance of the results, the virtual eradication of poliomyelitis would have been delayed for perhaps five years, at the certain cost of crippling and fatal attacks....

For more than a decade, the [cigarette] industry was able to ward off its public health enemies.  It could draw for its defense on such redoubtable critics of studies of the effects of smoking as Sir Ronald Fisher and Joseph Berkson [two of the most famous statisticians of the twentieth century].  Few now doubt that their strictures were ill-judged
. 


This habit of skepticism and relentless critique has become such a reflex with epidemiologists, that Marvin Schneiderman, former chief statistician of the National Cancer Institute, once half-jokingly defined "epidemiology" as "the practice of criticizing other epidemiologists." The arena of the adversary process, in particular, tends to convert a normal habit of critical thinking into a relentless skepticism.  Attorneys whose natural attitude about views that do not help their case is that they are the product of deliberate attempts to deceive or defeat them, and, indeed, can magnify an appropriate questioning to a cynical skepticism.


 (b) 
Peer pressure:  Scientists spend many years learning their discipline, and today a great deal of scientific research simply cannot be done without the funding of government agencies, the support of large institutions, and the collaboration of colleagues.  A reputation for doing "bad science" is hardly a ticket to obtaining grants, to having one’s research published or to winning tenure or academic promotion -- in short, to having a successful and remunerative career.  An NIH grant review, for example, explicitly takes into account the experience and reputation of the proposing scientist as perceived by the reviewer, usually a colleague in the same field.  Thus evidence that a scientist has regularly received government research funding, has been promoted to high academic rank, has been asked to serve on advisory bodies, and performs peer review duties for scientific publications is some evidence that his or her work is regarded as not “outside the bounds” by the community of scientists.  


Peer pressure is therefore a powerful deterrent to legitimate scientists not to violate  the scientific method.  Conversely, peer pressure is an incentive for professional behavior, an incentive that affects some more than others, operating most directly for people whose careers are devoted academic research.  But it is also true that the majority of independent consultants and applied scientists value their reputations as much as most lawyers and jurists.


(c) 
Peer review:  Formal review and evaluation by scientific colleagues of research results or proposed research is widely practiced by funding agencies, independent commissions, and scientific publications.  At its best, it provides the helpful "other pair of eyes" that can catch lapses in logic or method that escape those too close to their own work.  Although peer review neither guarantees that meritorious work will be reported nor that work that does not meet scientific standards will not, it constitutes the most visible and formal mechanism designed to ensure that the scientific method is followed
.  


Like peer pressure, peer review is not foolproof.  The more "cutting edge" the work the more likely it is to be rejected
.   At the same time, it is common knowledge that a good deal of substandard or uninformative work finds its way into the peer reviewed literature.  Nor is everything in so-called peer-reviewed journals actually peer reviewed, or is everything not in this form published without peer review
.  


In sum, none of the three forces that are employed to keep scientific practice within the bounds of what the science-of-the-day deems acceptable, are formalized, except for peer-review.  Even peer review is practiced inconsistently, to varying extents, and with little means to evaluate its efficacy.  Science has no magic method to draw boundaries around what is acceptable and what is not, even on its own terms.  As with most things, there will be instances which are clearly "beyond the pale" and others which are clearly mainstream science.  But the "gray area" in between is substantial and contains a proportion of propositions that are truly scientific advances and also those that will be judged with time as lacking in scientific foundation.

D.  
The Method of Inquiring into the Causes of Environmental Diseases
1.  The Experimental and Observational Sciences Are Used to Provide Data to Make Judgments About Causality

Scientific practice is taken up with more than exploring questions of causation,  but this is a central question in many tort cases.  What does "A causes B" mean to a scientist? Although much ink has been spilled in discussing philosophical aspects of scientific causality, most scientists have adopted a pragmatic approach whose formal articulation goes back at least to John Stuart Mill's famous "Method of Difference."
  Briefly, Mill’s Method holds that A causes B if, all else being held constant, a change in A is accompanied by a subsequent change in B
.  The formal method to detect such an occurrence is the Experiment, whereby:




o
all things are held constant except A and B,




o
A is varied, and 




o
B observed.

Not all sciences can utilize a strictly experimental method, however.  Some must content themselves with making observations of the real world and deducing scientific fact by applying reasoning and principles from experimental sciences or logic and mathematics.  Astronomy is such a science.  So is geology.  And so also is epidemiology.  Astronomers cannot manipulate distant stars and planets experimentally, but they can apply the methods and results of terrestrial physics along with mathematical theories like quantum mechanics or relativity theory to make inferences about the interiors of stars or the structure of other galaxies.  Another observational science is geology.  In one of its subdisciplines, seismology, scientists observe earthquakes; they certainly do not stage city-sized experiments on the factors which cause earthquakes.  Nevertheless, the inability to conduct full-scale experiements does connote the inability to do good science, or that the science involved is inherently more “error prone” or less reliable.
Scientists may, however, extrapolate from laboratory scale experiments to make scientifically defensible statements about the origins of a “black hole” in space or the causes of earthquakes on our planet.  There frequently may be disagreement among experts as to the aptness of a particular extrapolation or inference, but generally there is no disagreement that the process of applying events or principles observed on the scale of the laboratory bench to events occurring on the scale of a geographic region is scientifically defensible, and indeed something similar is the norm in virtually all observational sciences.  

In the biological sciences, in general, and in the public health field, in particular, inferences for one group of humans are regularly drawn from epidemiological studies from another group of humans.  Significantly, inferences about humans are also made on the basis of observations of , or  test-tube experimentation, on animals.  Indeed, the scientific reasonableness of drawing inferences from animals to humans provides the principal justification for the decision of National Institutes of Health to devote hundreds of millions of dollars funds to animal research.  Any particular inference may be arguable, and certainly may be the basis of a dispute between the parties in a law suit, but the method and reasoning are not subject to debate, and it is method and reasoning which are the subject of a Daubert hearing.

In general there are three sources of information on the effects of toxic exposures in human beings: (a) case reports, (b) toxicological research (including both animal studies and chemical/structural  research), and (c) epidemiological studies.  
(a) 
The use of case reports regarding the effects of toxic exposures in human beings  –   A case report,  i.e.,, a report in the medical or scientific literature of a single case or series of cases, are one of the most important sources of information scientists have on effects of toxic substances, and often the only source of information.  Detailed reports of cases of accidental poisonings or suicides provide information, such as autopsy data, biopsies and detailed clinical data, not obtainable by any other route.  Moreover they constitute important and obvious "natural experiments," experiments where the relationship between the exposure and effect is usually clear.  The use of case reports in medicine is longstanding and important, as evidenced by the continued appearance of such reports in the literature
.  Indeed the logic of a case report is similar to that of a more formal case-control or cross-sectional study.  

(b) 
The use of toxicological research reports to understand the effects of toxic exposures in human beings  –   Toxicological research (including both animal studies and chemical/structural  correlations), along with epidemiology, is one of the two other sources of information provides much of the basis for scientific judgments relating toxic exposures to health effects.  

Toxicology is an experimental science, while epidemiology is an observational science
.  The advantages of being able to conduct an experiment is obvious.  Because John Stuart Mill's famous Method of Difference depends upon observing the result on B of a change in A, other factors must be held constant.  The essence of an Experiment is the control of all factors, except for A and B.  This kind of control allows the scientist to ask quite precise questions about explicitly defined A's and B's, and get relatively unambiguous answers
.  For example, using an experimental design scientists  might be able to state quite clearly the effect  of 20 micrograms/kg body weight of TCE given intraperitoneally on peroxisome proliferation in BALB/C-mouse liver.  The scientist might still wonder, however, about the relationship of this experimentally produced and demonstrated effect to the long term consequences on humans of drinking 10 ppb of TCE in water.  

 (c) 
The use of epidemiological studies regarding the effects of toxic exposures in human beings  –   Epidemiological studies are observations of “natural experiments” that are occurring in the real world.  The idea is to find situations which are almost like laboratory experiments, observe them, obtain as much information as possible from them, and then interpret the results.  The essence of the natural experiment in epidemiology is almost always a comparison between groups, for example, a group exposed to a chemical and one not exposed.  The ideal situation would be to have the groups in the real world the same in all relevant respects (i.e.,, comparable) except for the variable under study (e.g., exposure to TCE or PCE).  Unfortunately such natural groupings are rarely comparable, and techniques must be used to account for known differences.  However, not all sources of non-comparability are known
.   Providing that they are not a necessary accompaniment of the variable being investigated, these residual factors fall by chance in the two groups being compared.  The result is that there are usually differences solely attributable to the random way these factors are distributed between groups in the particular study.  The “chance” fluctuations in apparently otherwise similar populations require an epidemiologist to use statistical tools to evaluate the role of “noise” that might be obscuring an underlying “signal.”

Observing some unintended or "natural" experiment in the real world, which is the essence of observational sciences like epidemiology, has the enormous advantage that it involves human beings living under conditions similar to ones found by plaintiffs in a personal injury suit.  For example, the Woburn study found an increased risk of leukemia in children whose households had more potential for being served with TCE contaminated water
.   The diseases in question (cancer of the blood system and kidney) and the circumstances of exposure are highly relevant to the facts in dispute in this case.  

Nonetheless, questions inevitably arise about the biological/scientific comparability (and thus the legal relevance or “fit”) of the people and exposures and diseases studied in one place and time and other people at other places and times.  Thus, for example, questions raised about the Woburn study have focused on whether the comparison of the cases and controls was truly comparing "like with like," which is precisely the kind of problem that can be and generally is avoided in a tightly controlled experimental study.  

Thus, as I explained in detail in a 1994 peer review article, toxicological experiments and epidemiological studies each have characteristic strengths and weaknesses
.  

In view of the fact that different scientific disciplines have disparate strengths and weaknesses, and the propensity of scientists to disagree, the key question for scientists – and courts – becomes determining how scientists decide which studies and data and experiments and articles to use and rely and for what purposes, i.e.,, how do they interpret and apply the results of scientific studies?
2.  
Interpreting Scientific Studies:  How Scientists Make Sense of the Individual Objects, Events, or Studies They Observe, Research, Collect, Read, and Review, and How Scientists Make Judgments About Causality About the Collective Mass of Information Regarding the  Objects, Events, or Studies They Observe, Research, Collect,  Read, and Review  
It is well know that when different scientists interpret the same studies they do not always reach the same conclusion. How and why do scientists interpret the “same” basic facts, the same set of numbers, the same research report, in different ways?
Two aspects and tools of scientific interpretation are relevant to this discussion.  In the  literature of scientific methodologies they are commonly (but not invariably) referred to as internal and external validity.  
Internal validity refers to a judgment about the extent to which the experiment or study produces valid information on its own terms, i.e.,, the extent to which it is internally valid.  Thus, for internal validity the crucial question to be answered is not, "If TCE causes cancer in Wistar rats does it also do so in B6C3F1 mice or humans?" but rather "Did the experiment validly show that TCE caused cancer in Wistar rats?” 

External validity, on the other hand, refers to a judgment about the extent to which the internally valid results of an experiment or study can be generalized to other situations, and to which ones.  Thus, for external validity the crucial question to be answered is not “did the experimental evidence adequately demonstrate that TCE causes cancer in Wistar rats?” but rather “If TCE does cause cancer in Wistar rats, does it also do so in humans?”
a.  
Internal validity:  How good is the study in its own terms?
At the heart of a case report, a toxicological experiment, or an epidemiological study lies a comparison.  

* 
Case reports are usually made to call the attention of the medical community to an “interesting” observation (compared to "the usual"), such as a rare disease in the context of an unusual exposure (e.g., sudden death in a worker exposed to chlorinated solvents). The comparison is with previous or usual experience.

*
In an experiment, the comparison is between the different states of B, when A is varied.

*
In an epidemiological study, it is the analogous comparison in the "natural" or unintended experiment that is being observed.  

Once an unusual event is observed or an unexpected experimental result is obtained it remains to explain or interpret the observation or result, whether the result is a difference or a lack of a difference in the expected or compared entities.

Take as an example a study comparing the health outcome of two distinct groups of human beings, one group comprised of those workers in a factory who were exposed to a chemical used in the production process, and the other group consisting of all members of the general population, most (but perhaps not all) of whom were not exposed to the chemical. Suppose the workers have more disease than the general population (the following analysis works just as well in the case of no increased disease).  There are three generic reasons such a difference (or lack of difference) might be observed, referred to as “bias,” “chance,” and real effect.  They are conceptually independent, but not mutually exclusive forces, i.e.,, all, some, or none can operate simultaneously.  Each must be evaluated to extract a valid message ("the real picture" or the “true signal”) from the study.

 (1) 
Understanding the Role of “Bias” in Evaluating the Internal Validity of a Research Study:  Another term for  "bias" is "systematic error.” This differs somewhat from the common usage of the word (e.g., lack of objectivity, independence, and/or neutrality), and in epidemiology the word has been refined and qualified to encompass a wide variety of sources of systematic error, each given a name
.  For example, epidemiologists talk of various kinds of “information bias” (“recall bias,” “observation bias,” “differential or non-differential misclassification bias,” etc.) or types of “selection bias,” “confounding bias,” etc.  All biases have as their underlying mechanisms factors which make the compared groups different in more ways than just the variable being studied.  Because the object of an experiment or study is to isolate one element (exposure to the chemical in my example), one must estimate the effect of the uncontrolled differences on the comparison.

A common source of potential bias in an epidemiological study is "confounding," and I illustrate bias with this example.  Suppose scientists were comparing cancer rates in two groups.  As in all epidemiological studies, this comparison is of the nature of an experiment, but one that is "handed to us" by nature (i.e.,, circumstance), not one of our own devising.  Thus scientists are unable to control everything they  might like in this comparison.
  It might be, for example, that the workers in this hypothetical instance are considerably younger than the general population, and because cancer risks rise with age, they would be expected to have less cancer than the comparison group.  If this difference were not somehow accounted for, the observed increase in the number or incidence of cancers in the worker group is actually likely to  underestimate the true effect.  The same non-comparability could influence a comparison in the opposite way if the workers were on average older than the general population (say, if they were a group of retirees).  

The most important means of coping with bias is to recognize it.  An important part of the training and practice of an epidemiologist is to recognize and account for the effects of the inevitable non-comparability found in observational studies.  Once recognized, an epidemiologist can often gauge the impact of a source of bias on the results and adjust conclusions accordingly.  Sometimes the data themselves can be “adjusted” ("controlled") to eliminate the non-comparability in the two groups for certain factors like age or sex.  

 (2) 
Understanding the Role of “Bias” in Evaluating the Internal Validity of a Research Study, and Understanding the Insignificance of “statistical Significance”:   Not all sources of non-comparability are known
.  Providing that they are not a necessary accompaniment of the variable being investigated, these residual factors are distributed by chance between the two groups being compared.  The result is that there are usually differences solely attributable to the random way these factors are distributed between groups in the particular study.  The "chance" fluctuations in apparently otherwise similar populations require an epidemiologist to use special tools to discern the true meaning from the chaos of disparate data – to “see” the true picture amidst a welter of images, or to “hear” the true, underlying "signal" in the midst of the noise produced by these variations.  The mathematical tools used for these purpose involve statistical analysis.

The main purpose for statistics in epidemiology, then, is to evaluate the role that random effects ("chance") might have played in the results.  Statistical methods do not prove that chance is the source of a difference (or lack of difference).  These methods only provide information on how likely it is that chance could have played a part if there were no bias and no true effect.  The meaning of "statistical significance" is that the likelihood that chance could have produced the observed results if there were no bias and no real effect is less than some arbitrarily predetermined level, such as 5% ("p<.05")
.  

For these reasons, it is absolutely false – and, indeed, a serious interpretive error – to assert that a result that is not  “statistically significant”  means the results must be due to chance and only to chance.  And for these reasons, prominent epidemiologists eschew “statistical significance,” believing that it is not a sine qua non  of  “good science” and maintaining that “it is neither necessary nor appropriate as a requirement for drawing inferences from epidemiologic data.” 
These views are hardly mine alone.  Instead, they are representative of the views of both Sir.  Austin Bradford Hill, one of the 20th century’s preeminent statisticians, and some of most highly regarded epidemiologists in this country, such as Dr.  Kenneth Rothman (who is: (a) the co-author of the most widely used textbook on epidemiology; (b) the Editor-in-Chief of the peer-review journal, Epidemiology; and, not least, (c) my colleague at the Boston University School of Public Health
) as well as other epidemiologists, such as Dr.  Noel Weiss, who was one of Lockheed’s expert witnesses in Abel  case.

Thus, Hill chided those who relied on “significance tests” to prove or disprove causation. 

No formal tests of significance can answer those questions.  (“Is there any other way of explaining the set of facts before us, is there any other answer equally, or more, likely than cause and effect?”)  Such tests can, and should, remind us of the effects that the play of chance can create, and they will instruct us in the likely magnitude of those effects.  Beyond that they contribute nothing to the 'proof' of our hypothesis.”  …  “I wonder whether the pendulum, has not swung too far -- not only with the attentive pupils, but with the statisticians themselves.  …  Fortunately I believe we have not yet gone so far as our friends in the USA where, I am told, some editors of journals will return an article because tests of significance have not been applied … .

Similarly, in an amicus brief to the US Supreme Court in the Daubert case, Professors Rothman and Weiss, stated:  “Significance testing, however, is neither necessary nor appropriate as a requirement for drawing inferences from epidemiologic data.” 

The amicus brief continued:

The notion that only when data demonstrate "statistical significance" do epidemiologists draw inferences about observed associations between suspected risk factors and medical conditions is mistaken.  Significance testing is nothing more than a statistical technique that attempts to evaluate what is called "chance" as a possible explanation for a set of observations, and classify the observations "significant" or "not significant" based on the likelihood of observing them if there were no relationship between the suspected cause and effect.  Testing for significance, however, is often mistaken for a sine qua non of scientific inference.  .  .  .  Scientific inference is the practice of evaluating theories.  As such, it is a thoughtful process, requiring thoughtful evaluations of possible explanations for what is being observed.  Significance testing, on the other hand, is merely a statistical tool that is frequently, but inappropriately, utilized in the process of developing inferences.

*  *  * 

Significance testing, in the view of amici and many other respected scientists, places too high a value on a "yes-no" answer to an oversimplified question: Is the probability that the observed association could appear by chance, even if there is no actual relationship, low enough to justify rejection of chance as the explanation of the observed association?  The result of using significance testing as the criterion for decision making is that the focus is changed from the information presented by the observations themselves to conjecture about the role chance could have played in bringing about those observations.


One amicus has observed: 

With the focus on statistical significance, if chance seems to be a plausible explanation, then other theories are too readily discarded, regardless of how tenable they may be.  As a result, effective new treatments have often been overlooked because their effects were judged to be "not significant," despite an indication of efficacy in the data.  Conversely, if "significance" seekers find that the results of a study are calculated as improbable on the basis of chance, then chance is often rejected as an explanation when alternative explanations are even less tenable. 

The outcomes of statistical tests are strongly influenced by the size of the study population.  For small populations, very large observed differences, of substantial public health significance, may still not be statistically significant
.  That is to say, a large effect that a scientist would take seriously from the public health point of view cannot be differentiated on its face from chance.  Either chance or a real causal influence (or bias) could be responsible for the worrisome effect.  Conversely, in large populations, very slight and substantively meaningless differences can be "statistically significant."
  


Statistical methods are sometimes viewed as standard, agreed-upon, and mechanical procedures.  Scientists even allow computers to do them, seemingly without human intervention.  But as any statistician knows, there is a great deal of judgment in deciding which tests to use in which circumstances, which tests are valid in those circumstances, and what they do and do not mean.  Less well recognized is that statistics itself is, like all active disciplines, a field in ferment and change.  Thus not all statisticians will agree on the propriety of even commonly used tests
.  In his recent book, Scientific Inference, Michael Oakes has written:

It is a common complaint of the scientist that his subject is in a state of crisis, but it is comparatively rare to find an appreciation of the fact that the discipline of statistics is similarly strife-torn.  The typical reader of statistics textbooks could be forgiven for thinking that the logic and role of statistical inference are unproblematic and that the acquisition of suitable significance-testing recipes is all that is required of him.

When used, statistical methods are meant to help scientists evaluate the possible role of chance
.  Scientists must evaluate the possibility of a concurrent real effect separately, as I now discuss.

(3) 
Understanding the Relative Role of a Real Effect (or the Absence of a Real Effect) in Evaluating the Internal Validity of a Research Study:  The most important reason for a difference between two groups, however, is an actual effect or influence from the variable being studied (exposure at work in my example), i.e.,, that "A does cause B.”   As discussed in greater detail below, scientists recognize that “causation” should not be regarded as an experimental or epidemiological result, but rather as a “judgment” made about the experimental or epidemiological data.  See Federal Judicial Center Reference Manual on Scientific Evidence (1994) at p.  157 (“causation is a judgment issue for epidemiologists and others interpreting the epidemiological data.”).  See also the extended discussion of this point in K.  Rothman  & S.  Greenland, Causation and Causal Inference,” in: K.  Rothman and S.  Greenland, Modern Epidemiology (Second ed.  1996) at pp.  7-28
.   


It is apparently not always appreciated that this is true.  There is a tendency to believe that somehow “causation” is not a subjective judgment or interpretation but an actual, real, objective, discoverable, and measurable property of a relationship that can be demonstrated empirically, as if some associations had readable labels on them that said ‘causal’ and all that scientists  need is the right instrument to read the label.
 In sum, although some scientists may be loathe to admit it, and although many lawyers and judges may not believe it, there is simply no magic formula or easy checklist for making scientific judgments
.  

(4) 
Understanding the Relative Significance -- and Insignificance – of “Negative” Studies: Understanding the operation of bias and chance is especially important in interpreting so called "negative studies" (studies where no differences are apparent, or where the differences are not "statistically significant").  Differences produced by real effects can easily be masked by poor exposure classifications (misclassification bias), chance can appear as a possible explanation merely by virtue of a small population available for study (poor statistical power), and potential risks can be undetectable by observing the exposed population for too short a time (bias produced by failure to account for adequate latency), to name just a few factors complicating interpretation of such outcomes.  On the other hand, factors that can produce spurious increases in exposed groups in hazardous waste studies are much less common, as most forces operate to lower the observed risks, not raise them
.  

 (5) 
Understanding the Relative Importance  -- and Unimportance  – of Studies that Show a Relative Risk of 2.0 or More, i.e.,, a “Doubling Dose”: One final comment is needed about how to interpret results of epidemiological studies with respect to causation.  One of the most common “measures of effect” used in such studies is something called the Relative Risk (RR), or its close approximation, the Odds Ratio (OR).  The RR is the risk in the exposed population divided by the risk in the unexposed population.  Thus a RR = 2.0 means that the risk in the exposed population is double the risk in the unexposed.  

The risks of kidney cancer and blood cancers as revealed in the epidemiology studies mostly exceed 2.0 (often by a wide margin), but this is not necessary for a “more likely than not standard,” although it is fulfilled in this instance.  It has been maintained by some attorneys and believed by some courts that a RR of two is needed before one can conclude from an epidemiological study that the exposure is “more likely than not” the outcome was due to the exposure.  The arithmetic basis of this proposition would seem quite transparent,
 but like many things in this subtle and complex science there are sound and accepted reasons why this argument is not valid.  The reasons are both technical and ethical.
(a) 
Understanding Certain Pertinent Technical Issues Regarding “Relative Risks,” “Odds Ratios,” and “Attributed Risks”
i.  
Understanding that the “Relative Risk” (RR) or “Odds Ration” (OR), as estimated in a particular study, represents a range of likely values, not a single fixed or definite number:  The relative risk (RR) or its equivalent (the odds ratio (OR) as an estimate of the relative risk) is itself an estimate from the data of an underlying reality, the “real” risk.  RRs or ORs, like other statistics used to summarize data, have some margin of uncertainty associated with the fact that the data are in some sense just one realization of an idealized, very large set of possible realizations, just as the results of flipping a fair coin ten times varies from one realization (set of ten flips) to the next.  Thus the RR or OR has a “confidence interval” around it that expresses how “stable” the estimate is in repeated trials.  A 95% confidence interval is the range of numbers that would include the “real” risk 95 times out of 100 if the same study were to be done over and over again, allowing for random fluctuations of the data inherent in the selection of subjects.  Thus, a relative risk of 1.8 (less than two) with a confidence interval of 1.3 to 2.9 could very likely represent a true RR of greater than two (as high as 2.9 in 95 out of 100 repeated trials).
ii.  
Understanding that the RR or OR, as estimated in a particular study, is an average value summarizing a broad range of attributes of underlying study subjects:  A RR = 1.9 is a summary of the overall risk to a population that is usually heterogeneous with respect to important risk factors.  Thus it might include smokers, alcoholics, people who are obese, the elderly, persons who work in hazardous occupations, and persons who have other life conditions or life styles that may affect the risks of or susceptibility to particular toxins or diseases.  If it turns out that a particular individual plaintiff with a disease has few or none of these risk factors, than a RR = 1.9 is a serious underestimate of the effects of his or her exposure, as age, smoking, weight, etc., did not contribute to the development of the disease and should not be used to discount the risk from exposure, as is done in an epidemiological study when these factors are “adjusted” for.
iii.  
Understanding that the calculation of the “attributed risk” that is the supposed foundation for the RR = 2.0 criterion depends in a basic way on a (usually unstated) model of causation:  This point has been made repeatedly in the literature, accompanied with graphic examples of how a study that produces a RR less than 2.0 could result from an exposure in which all of the cases, some of the cases, or none of the cases were the result of exposure.  Without a specification of the underlying causation model (which is in almost all cases unknown in sufficient detail to allow an accurate calculation, or even any calculation, of the fraction of cases due to exposure), the doubling of the RR or OR is useless as a criterion for evidentiary admissibility.  The fact that it is sometimes used for this purpose has been described in the scientific literature as “a methodologic error that has become a social problem.”
 

The proper procedure, medically is to judge each claimant in terms of their individual attributes, as is done in the process of differential diagnosis of etiology, as given by the treating or diagnosing physicians who have either conducted a medical examination of the  patients or carefully reviewed their medical records, i.e.,, the written reports of the medical examinations and tests undertaken by other clinicians.
Summary of the Means by Which the Internal Validity of Studies Is Evaluated: Evaluating internal validity requires the assessment of the roles played by bias, chance, and real effect.  Each can operate, sometimes reinforcing other factors, sometimes offsetting them.  There is often disagreement among experts, stemming from differing weights each places on the influence of bias, chance and real effect.  Such differences in science are common, both in and out of court.  The fact that two scientists have different judgments about how much weight to give a study does not demonstrate that either has failed to use scientifically acceptable reasoning, but only that the ultimate opinion about the weight to accord a study is inherently part of the subjective judgment process of scientists.

An evaluation of internal validity helps a scientist in deciding how much to rely on the specific results of a particular experiment or study.  It does not tell a scientist how much to extend that result to contexts or situations different than the one studied in the particular study, i.e.,, how much to generalize the result.  A separate evaluation for external validity is needed.

b.  
External validity: Can valid, reliable, and useful generalizations be drawn from the results of a particular study? 

Scientists observe and experiment in order to generalize, that is, to explain as much of the world as possible.  Generalization is the source of science's fascination, power of explanation, and practical importance in the world outside the community of scientists.  The limits and extent of the generalization that can be drawn from a given study constitute the dimensions by the study's external validity.   For present purposes,  the question is whether research results and conclusions  developed in one context (e.g., a high-dose animal study) can be generalized to cover other contexts (e.g., human exposures and disease). 

Because there are no fixed, definite, and generally agreed upon rules about how -- and how far -- to generalize, each study must be evaluated in a specific context.  Still, certain generic questions arise frequently, which I illustrate here with a brief example.  

Later in this report I offer my opinions about the carcinogenicity of TCE and PCE, opinions based in part on scientific evidence from high dose animal studies.  How does a scientist legitimately  assert that such a generalization is valid and reliable?  In essence scientists put forth reasons why such a generalization makes sense, for example, that the animals involved are similar in pertinent respects to humans, followed by an examination of reasons that might limit the generalization, for example, that the high doses used may alter the process sufficiently that it no longer applies to human exposures.
 Defining and constraining generalizations is an active process for forming opinions about studies.  Again, there is ample scope for shades of opinion among experts.

3.
Applying General Propositions to Individual Instances
One further issue sometimes arises that should be treated here:  Can generalizations ever be applied to specific instances? For example, can statements made in an epidemiological study about human populations ever be applied to particular individuals? There are ways to frame this question so that it has no obvious answer,
 but the key to understanding it in the actual context of practicing medicine is to see that it as just another instance of general propositions being applied to medical practice on individuals.  For example, physicians routinely use the results of clinical drug trials conducted on thousands of people to guide their judgment on how best to treat their individual patients, despite the fact that these trials produce only general statements about efficacy ("53% of the treated group improved versus 40% of the control group").  Even basic science statements from biochemistry are merely general propositions that are then applied to individual patients.

Such applications are a matter of clinical judgment (and subject to the usual kinds of second opinions).  Is this patient sufficiently like the subjects of the trial?
  What is the likelihood that the drug will help this patient? What other drugs could or should be used? And so on.  Practicing physicians use epidemiology on a daily basis in much the same way, asking themselves: based on the many and disparate epidemiological studies I have reviewed, and given all that I know about this patient’s medical and family history, should I advise this patient to lose weight, lower his cholesterol, stop smoking? Looked at in terms of what actually occurs, the problem of applying general propositions to individual patients is a non-question as far as medical practice is concerned.

This discussion is, nevertheless, a useful bridge to the next subject, how clinicians make diagnostic and causation judgments for individual patients.  
4.  
Applying Scientific Knowledge -- and the Scientific Method -- to Individuals: the Use of "Differential Diagnosis"
It goes without saying that "scientific practice" is much broader than the purely theoretical enterprise of understanding the world.  For most physicians, the goal is not to understand the world, but to change it, or, at least, to change that portion of the world they are able and authorized to affect, e.g., to improve the lives and to treat the diseases of their patients.  Thus, the majority of scientists do not spend their lives developing new science but applying known science to practical problems
.  In the physical sciences, such applied scientists are often called engineers, although this is merely a matter of nomenclature and taste.  In medicine, some applied scientists can be found working as public health professionals, while others can be found working as researchers in the pharmaceutical or biotechnology industry, still others, as clinicians, applying medical science to the practical problems of individuals with disease.

The context within which applied scientists operate, however, is frequently very different from that of basic research scientists.  A practicing clinician cannot "do another experiment" or wait for another study before deciding on a course of treatment.  A decision about "what is happening" (and “what to do about it”) often must be made then and there, or at least be made on a time-sensitive basis, which is similar to the task (and pressures) faced by a jury, or by a regulator, or by an applied scientist or engineer called upon to solve a practical technological problem (why have cracks appeared in the bridge and what should structural engineers do about it?  how do architects design a building to be earthquake resistant?).  This is a practical, not logical difference, however
.  

The scientific method as applied to assessing  managing the clinical problems of individual  patients, and deciding how to manage and treat their specific illnesses, is often called "differential diagnosis." There is some ambiguity in the way this term has been used by the courts.  In medical practice it refers quite specifically to the practice of collecting information, generating hypotheses and testing them, and drawing conclusions about "what is happening" (i.e.,, what is the disease).  Harrison's Principles of Internal Medicine (8th edition) expresses it this way:

The clinical method always proceeds in a series of logical steps.  The perceptive student will note certain similarities between the clinical method and the scientific method.  Each begins with observational data which suggest a series of hypotheses.  The latter are tested in the light of further observations, some of which are made in the clinic and others in the laboratory.  Finally, a conclusion is reached, which in science is called a theory and in medicine a working diagnosis.  The modus operandi of the clinical method, like that of the scientific method, cannot be reduced to a single principle or a type of inductive or deductive reasoning.  It involves both analysis and synthesis, the essential parts of cartesian logic.  As a physician, one does not start with an open mind any more than does the scientist, but with one prejudiced from knowledge or recent cases; and the patient's first statement directs one's thinking to certain channels.  There is a constant struggle to avoid the bias occasioned by one's own attitude, mood, and interest ...  .

This process is mirrored in another kind of "differential diagnosis," of the cause of the disease.  Strictly speaking this is a different objective than the usual clinical "differential." Clinical practitioners are most often concerned with identifying a disease entity, against which they direct their treatment.  But one treats a wrist fracture the same whether it was sustained by a fall on the ice or trying to put a hand through the wall, that is, independently of its cause.  Much of diagnostic terminology is designed to designate differences in therapeutic management options or prognosis, not disease etiology.

But the differential diagnosis of disease etiology requires the same kind of judgments as disease diagnosis and general causation decisions.  Hill's version of the basis for a causation judgment (see below) is still apt for individuals.  The task ("the fundamental question"), Hill says, is to decide "is there any other way of explaining the set of facts before us, is there any other answer equally, or more, likely than cause and effect?"" [emphasis in original].  This is also an excellent expression of a medical "preponderance of the evidence" standard, whether generally or for individuals.  It corresponds to the factor noted in the Reference Manual, “Have other alternative causes been ruled out?” It is the same the method prescribed by Cullen, Rosenstock and Brooks in their text, Environmental Medicine
.  After noting the required evaluation of alternative explanations, they summarize thusly:


In the end, the process is little different from general bedside (Bayesian) reasoning in medicine.  Two principles must be remembered.  First, the evaluation process may not result in a certain diagnosis: likelihood, not certainty, is the reasonable goal. Second, once significant exposure to a hazard has been established, the occurrence of adverse consequences from it is not unlikely; in fact, it is much more likely than is the occurrence of almost any other new disease.


The process of diagnostic problem solving in environmental medicine remains part science, part art form.  Although the basic approach is highly structured and scientific, the remarkable incompleteness of the existing data and their heterogeneity in quality and type provide a huge realm for individual judgment by the clinician.  To exercise it well, the physician must also be aware of the complexity of the clinical context and the biases that the physician brings.  Nonetheless, the fact remains that a firm, if imperfect, diagnosis must be rendered in every case.

This clearly situates the central question in this Report: On the basis of the information currently available, can scientists conclude that the TCE and PCE found in the air and drinking water of Burbank is capable of causing cancer, specifically blood cancers (non-Hodgkin’s Lymphoma [NHL], the leukemias, multiple myeloma, myelodysplasia), kidney cancer, and scleroderma? 

E.  
Developing an Opinion About Causation
1.  Arriving at an Explanation: Assembling the Picture
Clinical observations and case reports, epidemiological and animal studies, and toxicological experiments are like the pieces of picture puzzle, albeit with the difference that the pieces are being fit into a picture that is being formed in the mind of the scientist on the basis of, and at the same time, that the individual pieces are being discovered and taking shape, and with additional caveats that some existing pieces may not fit (and thus may not be used) and that not all of the pieces that might be needed to fill in the picture are available for placement in the picture when the scientist completes the process, let alone when he or she starts the process.  All in all, fitting the pieces into a scientific picture is a fluid, dynamic, and difficult process.  

Depending upon a scientist's judgment of the internal validity (or inherent quality) of a particular study, an individual “piece” may be clear and well defined, or fuzzy and indefinite.  Depending upon a scientist's judgment of external validity of a particular study, he or she may decide that an individual piece forms a large and central part of the picture, or is just a small piece on the periphery of the picture, or not even part of the picture at all
.  In addition, a scientist’s experience, expertise and basic judgment are involved.  The objective for the scientist is to take the available picture pieces, judge their internal and external validity, and assemble a picture (a theory or working diagnosis), that uses the majority of the clear and definite (i.e.,, internally valid) and the most relevant (i.e.,, externally valid) pieces into a coherent, sensible, comprehensive, and “elegant” picture of “reality,” i.e.,, a picture that represents his or her decision about "what is happening."

Constructing an explanation involves putting together the scientific evidence into a coherent picture.  Clinical observations, toxicology, and epidemiology provide the puzzle pieces, but the parts do not always fit together smoothly or without gaps.  Each puzzle piece represents or registers different aspects of the total picture, with results that show only a portion of the whole.  Scientists are sometimes in the position of the three blind men and the elephant, one feeling the long, tufted tail and concluding he was encountering a sleek and agile zebra-like creature, one feeling the muscular and prehensile trunk and concluding he had before him a very large snake, the third confronted with the massive body and believing he has hold of a rhinoceros
.  Thus, a toxicologist studies peroxisome proliferation caused by a metabolite of TCE in the rat and surmises that this is a mechanism whereby PCE produces damage in that species, while an epidemiologist looks at cancer risks in human populations and concludes that PCE causes cancer in the human species.  Each sees a part of the picture.

As already noted, interpreting a scientific study for use in assembling a coherent picture requires the use of critical thinking to weigh the various factors that might be responsible for the observed association.  This includes evaluating the part played by bias, chance, and real effect, together and separately, and judgments on what generalizations are valid.  In such a complex process and with practical matters of consequence at stake, it is not surprising that differences of opinion develop.  It is also not surprising that such differences are highlighted and, indeed, magnified by the adversary process.  But even when so magnified, such disagreements are not merely artifacts of the adversary process, but actually essential features of science as it is routinely practiced.  The differences are not evidence of flawed scientific reasoning or methodology any more than a dissenting opinion in a legal decision proves the majority opinion has not followed accepted legal methodology or reasoning, or the subsequent reversal of the case by a higher court proves the opposite.

For many purposes a partial picture is sufficient.  The simple knowledge that an animal is very heavy suffices to understand that if it sits on you the result will be disastrous.  Thus, as a practical matter, if you are walking on a game trail in elephant country you need not know the internal anatomical details of the pachyderm that can crush you, only the fact that you can be crushed.  Similarly, for example, in the field of toxicology, although scientists are still in disagreement about the precise mechanism of asbestos carcinogenesis, no scientist harbors doubts that asbestos is a carcinogen.  

In sum, scientists may (and often do) disagree about which pieces are internally valid (which ones can be used in putting together a picture), disagree about which pieces are externally valid (relevant and suitable for fitting into the picture), and disagree about where each internally and externally valid piece should go, that is, just how to assemble the relevant pieces of the puzzle.  What scientists do not disagree about, though, is that they routinely select pieces and assemble such pictures and call the end product of this process of selection and assembly an Explanation.

In sum, the conclusions I reached and the opinions I offer in this case were arrived at on the basis of the scientific methods, practices, and reasoning set out above.  In doing so I have formed an explanatory picture derived from scientific evidence whose internal and external validity I have evaluated.  I offer first general evidence about the adequacy of the exposures to cause the diseases in question, followed by evidence on the ability of the specific contaminants to cause these diseases.  While reversing the order might seem logical, there is value to discussing first how seemingly small exposures to a causal agent can result in a catastrophic outcome like cancer.


2.  
How “environmental” exposures can cause cancer
What do we know today about how cancer begins? Cancer has it origins in a series of discrete genetic changes (fixed mutations) in formerly normal cells.
 A normal cell grows or proliferates in a well-regulated manner, sensitive to the needs of the tissue, organ and organism of which it is a part. It must therefore sense and obey signals from outside itself and act accordingly. In this respect it is like a good citizen among the body’s cells, seeing to its own needs but doing so in consideration of the needs of the larger community. A cancer cell, by contrast, is like a social deviant, growing where and when it pleases, heedless of the general needs of the body. When such a cell divides, each of the progeny cells behaves similarly. When a sufficient mass of such deviant cells is produced (a “tumor”) it can interfere with the structure and function of the body and produce the symptoms and signs of the disease we call cancer. If a vital function is compromised, death ensues.

The system of signals and cues which are part of a cell’s essential growth regulatory repertoire has at least four elements. They are: a set of “growth factors” released by nearby cells and tissues; receptors on the surface of the cell that bind with a growth factor and initiate a growth or inhibition signal to the interior of the cell; a system of interacting proteins within the cell that conveys the signal from the surface receptor to the cell’s nucleus, where the growth directing elements are located; and a set of “nuclear transcription factors” that translate the conveyed signal into the actions of banks of genes that “orchestrate the growth and proliferation programs of the cell.”
 Each of the four parts of the system is itself under the control of a gene or group of genes. 

It is now clear that derangements of various parts of this four-part system are capable of causing malignant change. If a gene controlling a component of this pathway becomes altered so as to cause the cell to undergo uncontrolled proliferation the gene is called an  activated oncogene. Activated oncogenes are usually variants of normal genes (“proto-oncogenes”). One thing that can cause a proto-oncogene to be converted to an activated oncogene (the cancer causing variant) is a chemical or physical agent that alters the genetic material (the DNA) that makes up the gene. This is called a genotoxic effect of a chemical and was a significant part of my prior reports and deposition, because TCE is genotoxic.

One activated oncogene (called ras from its original discovery in rat sarcomas, but present in humans as well) is found in mutant form in about one quarter of all human cancers. It lies centrally in the pathway between the cell surface receptor and the nuclear transcription factor. When a signal passes the pathway the normal ras protein passes the signal along to the next component by turning “on” briefly, and then shutting off. Mutant ras proteins, however, get stuck in the “on” position and provide a constant stimulus to the cell to proliferate. Interestingly there is an association between certain kinds of ras mutations and exposure to TCE and one of its metabolites (DCA).

If a cell has an unusually large amount of one of the growth cell surface receptors it can result in repetitive firing in the absence of external signal and cause uncontrolled proliferation. This seems to be the mechanism of cancer in tissues as diverse as malignant brain tumors (glioblastomas), breast cancers and stomach cancers, all of which have abnormal amounts of a specific cell surface receptor that signals the cell to proliferate. The same situation is found in breast, ovarian and stomach cancers that each have abnormal amounts of another specific receptor. 
 Thus although cancer is often said to be not one disease but a hundred different diseases, in another sense cancer has common underlying mechanisms whose diverse types of cancer depend only upon the tissues in which they happen to occur.

As scientists have begun to uncover the details of this amazingly complicated system, we are seeing important refinements in the picture. Cells not only have “accelerators” (activated oncogenes) but also “brakes” (“tumor suppressor genes” or anti-oncogenes). Knocking out the brakes can be even more damaging than getting the accelerator stuck in the down position. Even with a stuck accelerator, intact brakes can save you. But the combination of defective brakes and a racing engine is a recipe for a cancer, and TCE can accomplish both. Further evidence that TCE plays a major role in causation of kidney cancer in exposed individuals is its association with mutations of an important tumor suppressor gene in the kidney, the von Hippel Lindau (VHL) gene. Tumor cells from 23 kidney cancer patients with work exposure to TCE all had VHL gene mutations, while only half or less of non-TCE exposed kidney cancer patients had VHL gene mutations. The authors of this study interpreted the results to mean the VHL gene is a specific target in TCE induced cancer: “In addition to the available epidemiological studies the results are now further proof for human renal carcinogenicity induced by high occupational exposures to TRI [i.e., TCE].”

Scientists are only now beginning to unravel the details of the ways various chemicals can cause cancer. Even in these early stages, however, we see evidence that TCE can affect both the accelerator (cell proliferation via the ras activated oncogene) and the brakes (the tumor suppressor VHL gene in the kidney). In each case TCE exerts an effect on the genes themselves, i.e., it is genotoxic.
What all this means, practically speaking, is that very small changes in a gene can produce large downstream effects because a minute change in the heritable material of the cell (a mutation in the DNA) is reproduced each time the cell divides.  If that initial alteration is such that the cell is changed from a normal cell to a malignant phenotype, then each of the progeny cells will also inherit malignant behavior.  After many cell divisions there may be a sufficient mass of malignant cells (a tumor) to disrupt the structure and function of the body and produce the symptoms and signs of the disease scientists call cancer.  Carcinogens are the proverbial spark that can light a prairie fire or the match that can ignite an inferno in a dynamite factory.  In and of itself the flame immediately produced by a single match may be small and local, but no one doubt that an isolated and tiny cause can set in motion a huge conflagration..

How much "exposure" is needed for this to happen? Another way to ask this is, "How many 'hits' or alterations in the DNA are necessary to produce a transformation from a non-malignant to a malignant phenotype?” In most cases scientists don't know, although some cancer producing genes ("oncogenes") differ from their normal counterparts by a single point mutation.  In any event, the number is likely to be less than a dozen, given current evidence.  Assuming that an interaction with a molecule of a carcinogen or its metabolic products corresponds to each such change, this amounts to a dozen molecules or less.


This does not mean that an exposure of a dozen molecules will give you cancer.  The great majority of "exposures" are not biologically “effective,” effective in the sense that ingestion or inhalation of a molecule of a toxin will result in a DNA change.  On the contrary, the chance of such an interaction would seem to be very small, given the number of obstacles between an absorbed molecule and a particular location on a cell's DNA.  A close examination of the arithmetic involved, however, suggests that for typical environmental exposures the chances are not so remote after all.
If one calculates the number of molecules present in a single quart of water containing TCE at, say ten parts per billion (on the low end of the Burbank exposures), it amounts to a number whose order of magnitude is 1016, which is a very large number -- 100,000,000,000,000,000.  In a year one would consume another two or three orders of magnitude (allowing for inhalation in showers and an average intake of two liters per day) for a total of 10,19 which is truly an enormous number, a 1 with 19 zeroes after it -- 100,000,000,000,000,000,000.  To put it in perspective, if we stacked up one dollar bill for each TCE molecule consumed in a year when it was present in a water supply at 10 parts per billion, the stack of bills would rise from the earth to the moon and back  more than 1,000,000 times.  Put another way, it could encircle the earth at the equator 10,000,000 times.

With such a huge number of molecules in the average environmental exposure, the chances that several will hit a vulnerable portion of DNA now looks quite different
.  "Most" molecules of TCE will be detoxified immediately and excreted without coming close to any DNA, and further, "most" that are excreted immediately will not interact with DNA.  Furthermore, of those that do interact, "most" will react with a portion of DNA that is not involved in cancer initiation.  And if all this fails, our immune surveillance system will protect us.  While all this is true, it does not take into account the prodigiously large number of molecules represented by 1019.  For even if 99.9999999999999999% of our year's worth of TCE molecules pass through us without mishap, there still remains at least several chances in the average year that a cell will be initiated into a malignant phenotype.  What this exercise in large number arithmetic shows us is that even with "small" doses, the chances are not insignificant that a single cell could be damaged in just the right way.  If you buy enough tickets, you will win the lottery.  Once that "small" damage is done, the body then reproduces it with each cell division.  

I recognize that this picture, which is solidly based in current concepts of molecular carcinogenesis, is open to the objection that each person is awash in a sea of “natural” carcinogens
.  Thus, some defense-minded and industry-financed scientists hypothesize that “with so many carcinogens assaulting us, often at high levels, is it not absurd to say that parts per billion levels of TCE and PCE cause cancer?”  Indeed, this is a favorite argument of Dr.  Guzelian, one of Lockheed’s designated expert witnesses.  There are two responses to this contention, one logical, the other biological.
The essence of this line of argument is that because there are “so many” chemicals in the environment are capable of causing cancer (a contention that is possibly true, but also plausibly not) and because such chemicals are present at levels “much higher” than TCE or PCE, it is completely implausible that TCE and PCE are causes of much human cancer.  To display the logical fallacy of this argument, I make a simple analogy.  It is demonstrable that a person can be killed by being hit with a car.  There are a tremendous number of cars on the road capable of killing a person, most of them driven by perfectly normal drivers.  A tiny proportion of all road miles driven are driven by drunken drivers.  Using the argument above, drunken drivers are not meaningful causes of motor vehicle deaths.
    To explain the biological fallacy of this argument I note that (as discussed below in more detail), most chemicals, whether they occur in nature or are artificially created by human beings, are not carcinogens.  Although the status of human carcinogen is claimed for many naturally occurring substances (black pepper and sassafras, for example, are claimed by some to be carcinogens on the basis of their ability to cause mutations in bacteria and yeasts), the human species has evolved in their midst and it is quite plausible that over millions of years evolution human being have developed coping mechanisms to effectively with these substances.  It is likely, in fact, that some of these mechanisms (the cytochrome P450 system, for example) are indirectly responsible for turning chemicals like TCE or PCE, that may not themselves be carcinogens, into active cancer causing agents.  The P450 system did not evolve to handle chlorinated ethylenes, which are not found naturally.  

I also note that fixed malignant change in human tissues leading to cancer is indeed extremely common.  Not only is clinical cancer a diagnosis of a third of the US population at some time in their lives, but microscopic examination of tissues reveals that as many as 70% – 80% of the population harbors occult malignancies that do not “surface” (or manifest themselves) clinically.  Why some of these malignant changes progress to life-threatening medical conditions and others do not is still unknown.  Still, the facts as scientists  know them, are not in conflict with the picture provided by molecular biology.
Furthermore, scientists know there are individual and ethnic differences in the metabolic handling of organic solvents like TCE
.  Such differences underlie the various ways, good and bad, different individuals react to TCE exposure.  As noted below, the variant abilities individuals have of changing TCE and its metabolites is related to their risk of becoming ill from exposure.  Often whole populations or ethnic groups share these variants, a major (but not sole) reason results of different epidemiological studies are not identical.

Finally, no carcinogenic agent, no matter how powerful, produces cancer in all those exposed.  Only about 8% of heavy smokers die of lung cancer.  For most known causes scientists simply do not know why someone is lucky and someone else isn’t.  But, again, scientists are beginning to understand parts of the picture.  
Thus it is quite possible that the plaintiffs could suffer the claimed damage at levels of chemicals (in the parts per billion or more) found in the Burbank drinking water supply.  I next examine the question of the size of this risk.
3.  Dose-Response (the “Dose Makes the Poison”)

As noted, while in the last analysis it is only a small number of molecules of the carcinogen that eventually succeed in causing the malignant change, exposure to a small number of molecules is extremely unlikely to do so.  It is only because the typical environmental exposure (at 10 ppb) represents a truly prodigious number of molecules that there is any chance a cancer will result.  How big a chance is this?

The estimate of this risk is usually made from animal data coupled with mathematical extrapolation models.  Unfortunately, because of inherent uncertainties, the resulting estimates cover a very wide range of possibilities, running from less than one in a thousand to more than one in 30 million.  They are therefore not useful for predicting actual risk, and have been primarily used for regulatory purposes where risks need to be ranked for priority setting purposes.  Sometimes scientists are compelled to use these estimates because no other data are available.  In the case of TCE and PCE, however, there is a considerable amount of epidemiological data that suggests that the results of one popular model underestimate the risks posed by these chemicals.

Under not very stringent conditions rigorous risk estimates for individuals in the Burbank population exposed to  TCE or PCE in the range of tens of parts per billion can be as high as 1 in 1000 or higher, or as low as 1 in tens of millions or less.  Both estimates are derived from the animal data and the current techniques of mathematical risk extrapolation, but it is likely there are specially sensitive individuals whose risk is outside the reference for any conventional risk assessment.  I discuss both these issues below, beginning with the problem of special sensitivity.

a. Understanding the limitations of mathematical extrapolations of risk
Risk calculations should recognize the marked variation in response between different  individuals in human populations.  Unlike genetically homogeneous animals used to derive the data for mathematical models, human populations are “outbred,” i.e.,, they are genetically heterogeneous.  Because the way the human body handles toxic chemicals is influenced by each individual’s unique genetic make-up, it is not surprising there are marked differences in sensitivity to chemicals in humans
.  There is little information available on such variation in response to TCE and PCE in humans, but some information can be gleaned from older papers on PCE.  Wright reported coma in an 11 year old boy who received little more than 1/30 ounce of PCE as a therapy for worms,
 while Chaudhuri reported a fatal case in a 30 year old worker given only 1/10 ounce, after which he experienced severe abdominal pain and died the following morning
.  At autopsy the small intestine was deeply congested with a well-defined inflammatory process extending throughout a large portion of the small intestines
.
This large variation in the non-cancer response to chemicals is mirrored in a large potential variation in carcinogenic response.  There is also credible evidence that the increased susceptibility of some individuals is most pronounced at low doses, whereas individual differences at high doses tend to disappear
.  Genetic predispositions to develop cancer upon exposure to certain chemicals (“genetic polymorphisms”) still require the chemical. Thus: “An important characteristic of genetically based metabolic polymorphism is that it requires exposure to chemical agents to be effective; that is, it represents a typical example of ‘complete interaction’ (the genetic trait in itself is ineffective in the absence of exposure).”
  This is also an expression of exposure as a “but-for” factor in causation.
In a large population such as Burbank, the genetically most susceptible individuals will be the ones most likely to develop a disease, although scientists have no way at present to identify them or test this proposition directly.  It is also true that some (probably most) people will not develop the disease at all, given exposure.  This is in no way different than the situation with other well known carcinogens, such as cigarette smoke or asbestos, where in neither case do most of the persons exposed to the carcinogens actually develop any particular form of cancer.  The assignment of causation in individuals is based on the extent to which TCE and PCE, taken in the context of a person’s social, medical and family history, appear to be plausible substantial or insubstantial factors.
The mathematical model that is chosen may strongly influence, and even predetermine,  estimates of the extent of the risks to human beings – Mathematical models are needed to estimate risk because it is not possible to observe directly, in experimental systems, most risks at levels of public health importance
.  Risk estimates at levels of TCE or PCE as found in the plaintiffs' drinking water are made by a mathematical extrapolation from observed doses in animal models.  Whatever objections one might have to animal data would be compounded many fold in their use for this purpose.
There are actually two kinds of models involved, “exposure-dose” models and “dose-response” models.  Exposure-dose models relate the exposure in drinking water to some biologically effective dose within the individual. For example, TCE must be absorbed, circulated to various organs and perhaps metabolized within the body into one or several other chemicals that actually do the damage.  One might then use this dose as the input to the dose-response model, which relates the size of the dose to the risk of cancer.  The entire process (using each model and coupling them together) is an involved procedure that must make many assumptions in the context of serious uncertainties in terms of which models to use and the details of the models that are used.  

Neither kind of mathematical model (exposure-dose, dose-response) are meant to apply to individuals.  They are population-based ‘average’ estimates used for regulatory purposes.  Their use for estimating either dose or response for an individual would be wholly outside accepted methodologies.  For that reason, I have not used either kind of model in developing my opinions for this case.
There have been some attempts at population-averaged exposure-dose modeling for TCE
.  Thus some scientists use “Physiologically-Based Pharmaco-Kinetic” models (PBPK models) to take into account the actual physiological processes of absorption, distribution, and metabolism of toxins by animals and humans.  Mice and humans, for example, are built on the same "organization chart" of blood, brain, digestive system, lungs, etc., but the extent to which the different "boxes" in the chart absorb, distribute, exchange and metabolize TCE might vary from species to species.  If one could model the process, then the extrapolation of a representative response from mouse to human could be accomplished more accurately by substituting the correct species-specific values for things like absorption coefficients, rate constants, and other values ("parameters") that determine the details of how TCE is handled in an organism.

A major difficulty with PBPK modeling is the paucity of information on two things: the correct biologically effective endpoint to use (is it the peak concentration of the metabolite TCA?, cumulative TCA?, the metabolite DCVC?, some DNA-adduct?, the metabolite trichloroethanol?); and accurate determination of the parameters that describe important physiological processes, like the rate of absorption or excretion in different species and between different organs and tissues in the same species.  Considerable uncertainty in the correct parameter estimates can lead to very large differences in estimates of biologically effective dose, and hence of dose-response modeling.  The way parameter uncertainties are currently handled is to incorporate a distribution of values in the model, and then determine the impact on the dose estimate (so-called “Monte Carlo” modeling).  When this is done, and depending upon the outcome chosen, parameter uncertainties provide differences in dose estimation that vary over a range of ten- to twenty-fold
.  There is a wide range of legitimate estimates using PBPK models when coupled with the linearized multistage model favored by the USEPA, although other just as plausible models are possible.  For example, Cronin et al..,
 have estimates as low as .00009 mg/l TCE as the 1 in 1,000,000 risk in drinking water.  Thus an exposure of 100 ppb would yield a risk of 1 in 1,000 for cancer using the EPA linearized multi-stage dose-response model (default model).  

The other model choice, that of the dose-response function, also results in large variations in risks, variations that are in addition to the ones just noted.  Models other than the linearized multistage model can produce vastly different risk estimates.  These variations for estimates of the risk of TCE in drinking water were investigated by Cothern, 
et al.. Four different functional forms were used, including the EPA model, and the estimated risks compared.  Cothern 
et al.. note there are no biologically based criteria for choosing one model over another.  

The results are a dramatic example of the effects of model choice.  Thus, it turns out the EPA default choice is not “conservative” (i.e., err on the sade of safety) as sometimes claimed, but is one of the most permissive, in the public health protection sense, compared to the least “permissive” model, the Weibull model
.  The difference in estimated risks among the models was almost a factor of 10,000, i.e.,, the Weibull model predicted risks from TCE in drinking water to be 10,000 times higher than the risks from the most “permissive,” i.e.,, the EPA default model.  Thus the risk estimates are implausibly at the level produced by the EPA default model of one in tens of millions, and are more likely toward the one in a thousand range.

Where does this leave us? The inherent difficulties in the risk assessment make these estimates unreliable for predicting the risk to the Burbank population.  But scientists are not bereft of information on the subject.  Informative epidemiological investigations of populations exposed to TCE and PCE in their drinking water at levels comparable to that found in Burbank suggest these exposures are sufficient to produce a measurable increase in cancer risk.  

Indeed, the combined weight of these epidemiological studies is sufficiently great that these studies could, in and of themselves, support a conclusion that TCE and PCE are carcinogenic in humans.  Significantly, however, those epidemiological studies do not stand alone and my conclusions do not rest solely on those epidemiological studies.  Instead, the evidence contained in the epidemiological studies and the conclusions that may be reasonably drawn from those studies are corroborated by two other independent streams of evidence: animal studies and toxicological (chemical/structural) studies.  

I discuss all three types of evidence, and the specific  studies of each type that I considered and relied on below.  Before I do so, however, I conclude this section on the scientific methodology I used in evaluating these different types of the evidence and developing my  conclusions.
F.   
Tying It All Together: The Weight-of-the-Evidence Methodolgy

1.  
Causation is not a factual datum but a judgment based on data



As noted above, scientists agree that “causation” should not be regarded as an experimental or epidemiological result, but rather as a “judgment” made about the experimental or epidemiological data.  See Federal Judicial Center Reference Manual on Scientific Evidence (1994) at p.  157 (“causation is a judgment issue for epidemiologists and others interpreting the epidemiological data.”).  See also the extended discussion of this point in K.  Rothman  & S.  Greenland, Causation and Causal Inference,” in: K.  Rothman and S.  Greenland, Modern Epidemiology (Second ed.  1996) at pp.  7-28
.   

It is apparently not always appreciated that this is true.  There is a tendency to believe that somehow “causation” is not a subjective judgment or interpretation but an actual, real, objective, discoverable, and measurable property of a relationship that can be demonstrated empirically, as if some associations had readable labels on them that said ‘causal’" and all that scientists  need is the right instrument to read the label
.  In sum, although some scientists may be loathe to admit it, and although many lawyers and judges may not believe it, there is simply no magic formula or easy checklist for making scientific judgments
.  

2.
Ways of Determining Causation:  the Fallacy of Fixed Criteria

How, then, are causal judgments made? In Section ___ , below, I  give an account of how causal judgments are made in practice (not just in epidemiology, but in all sciences).  Before doing so, however, it is necessary to address a common misunderstanding among non-epidemiologists as to actual practice versus idealized renditions of what actually occurs.  To introduce the discussion, I can do no better than quote Professors Rothman and Greenland, whose epidemiology text, now in its second edition (1998), is widely considered the most complete and sophisticated of its kind:

If a set of necessary and sufficient causal criteria could be used to distinguish causal from noncausal relations in epidemiologic studies, the job of the scientist would be eased considerably.  With such criteria, all the concerns about the logic or lack thereof in causal inference could be forgotten: It would only be necessary to consult the checklist of criteria to see if a relation were causal. We know from philosophy that a set of sufficient criteria does not exist.  Nevertheless, lists of causal criteria have become popular, possibly because they seem to provide a road map through complicated territory.

a. 
Understanding the “Hill criteria”





One of the more popular “checklists” of “causal criteria” in the legal context is so-called the “Hill criteria,” named for Sir Austin Bradford Hill, the biostatistician who first identified and summarized nine items that he carefully described as “viewpoints,” not criteria
.  Various truncated versions appear in many places, including the Federal Judicial Center’s (FJC) Reference Manual on Scientific Evidence, where the criteria are attributed not to Hill but to Henle and Koch
.  There is no doubt that the “viewpoints” that Hill enumerated (or their variants from other lists) can be useful as a framework to organize thinking, although it is interesting that they are rarely used explicitly in the epidemiologic literature; indeed, not a single epidemiological study of TCE or PCE -- even the Boice study that Lockheed commissioned and financed -- uses or even mentions the Hill “criteria” or any other checklist.  Unfortunately, the Hill “criteria’s” use and claimed importance by non-epidemiologists can reach absurd and misleading heights, as when it is declared that individual elements of the list (which, again, exist in many variants) must be fulfilled for a causal judgment to be made, or worse yet, that they must all be fulfilled.


It is a serious misuse of Hill’s viewpoints and of the scientific method to use the Hill considerations as a mechanical checklist.  Neither EPA nor IARC nor most epidemiologists use them in this fashion, or even use them explicitly at all.  EPA and most epidemiologists (including myself) use the “weight-of-the-evidence” approach.  However, the Hill viewpoints are worth considering in terms of what they tell us about causal judgments and the factors that go into making them.

Hill’s original list of characteristics of associations that are causal is as follows (I have added explanatory comments):

 i.  Strength of the association:    The stronger the association the more likely it is to be causal. The reasoning is that unknown confounders (i.e.,, unknown factors leading to non-comparability) are unlikely to be powerful enough to explain a strong association.  The Reference Manual adds, “The use of the strength of the association as a factor does not reflect a belief that weaker effects are rarer phenomena than stronger effects.”

ii.  Consistency:     Is the association also seen in other studies using different designs, different populations, and different investigators?
  If so, it is less likely that the association is the result of some unseen design flaw or chance occurrence.  This factor is often cited repeatedly by defendants in toxic tort cases as an argument against a causal relationship for various toxic agents, and has sometimes been elevated to a criterion of cardinal importance.  It is also accorded importance by the Reference Manual (at p.  162).  Rothman and Greenland, however, disagree, and  I (and many others) find their reasoning to be quite persuasive:

Lack of consistency, however, does not rule out a causal association because some effects are produced by their causes only under unusual circumstances.  More precisely, the effect of a causal agent cannot occur unless the complementary component causes act or have already acted to complete a sufficient cause.  These conditions will not always be met….Consistency is apparent only after all the relevant details of a causal mechanism are understood, which is to say very seldom.  Furthermore, even studies of exactly the same phenomena can be expected to yield different results simply because they differ in their methods and random errors.  Consistency serves only to rule out hypotheses that the association is attributable to some factor that varies across studies.



iii.  Specificity:    If the effect seen is limited to certain kinds of workers and certain diseases (e.g., cancer at a specific site), this may be a strong argument for causation.  Thus the disease mesothelioma is seen almost exclusively in asbestos workers.  On the other hand, scientists know today of many agents that cause a variety of common diseases (e.g., cigarettes cause lung cancer, emphysema and other diseases).  Hill himself was very cautious about the use of this criterion:  "We must not...over-emphasize the importance of the characteristic...In modern times the prospective investigations of smoking and cancer of the lung have been criticized for not showing specificity--in other words the death-rate of smokers is higher than the death-rate of non-smokers from a number of causes of death.” The Reference Manual is even more cautious: “…epidemiologists no longer require that the effect of exposure to an agent be specific for a single disease.” (p.  163).  Rothman and Greenland are more scathing: “…specificity does not confer greater validity to any causal inference regarding the exposure effect.  Hill’s discussion of this criterion for inference is replete with reservations, but even so, the criterion is useless and misleading.” (p.  25).

iv.  Relationship with time:  
Did the "cause" precede the "effect"? While this is a logical necessity for causation, many epidemiological study designs do not allow easy verification of temporal sequence, especially in long latency diseases where the exposure to a toxin and manifestation of a disease are decades apart.  The Reference Manual accepts proper temporal sequence as a sine qua non for causal effect (p.  162), as do Rothman and Greenland, although even here, they make the following qualification: 

This criterion is inarguable, insofar as any claimed observation of causation must involve the putative cause C preceding the putative effect D.  It does not, however, follow that a reverse time order is evidence against the hypothesis that C an cause D.  Rather, observations in which C followed D merely show that C could not have caused D in these instances; they provide no evidence for or against the hypothesis that C can cause D in those instances in which it precedes D.” p.  25).  

v.  Biological gradient (dose-response relationship):  If scientists increase exposure do they also see an increase in risk? When this is demonstrated it can be a persuasive argument for causality.  Indeed, many researchers put a great deal of emphasis on this point.  However, if this relationship is not found, it is not a persuasive argument against causality
.  The Reference Manual goes further:  “a dose-response relationship is not necessary to infer causation.” Rothman and Greenland concur: “…the existence of a nonmonotonic relation [a non-increasing risk with increasing exposure] is neither necessary nor sufficient for a causal relation.  A nonmonotonic relation only refutes those causal hypotheses specific enough to predict a monotonic dose-response curve.” (p.  26).  For example, the dose-response relationship may be more complex than a simple monotonically increasing function of dose.  Other factors may also affect the relationship, including misclassification of exposure, a common source of bias in occupational and environmental epidemiology.  There is a substantial body of technical literature on this question.  

vi.  Biological plausibility: 
As Hill remarks, "It will be helpful if the causation we suspect is biologically plausible though this is a feature we cannot demand." [emphasis in original]
.  Hill notes that what is biologically plausible depends on the contemporary state of knowledge
.  "In other words, the association recorded may be one new to science or medicine and must not therefore be too readily dismissed as implausible or even impossible."

vii.  Coherence of the evidence:  While a precise knowledge of the mechanism is thus not required, it is important that the alleged causal association not conflict with generally known facts about the disease, i.e.,, the association should have coherence with those facts.  Knowledge from animal and test-tube experiments clearly fit in here, but "while such laboratory evidence can enormously strengthen the hypothesis of causation and may even determine the actual causative agent, the lack of such evidence cannot nullify the epidemiological observations in man." [emphasis added].  This factor is not included in the Reference Manual, although the distinction with their “consistency” factor is unclear.

viii.  "The Experiment":   It may be possible to find instances where some intervention was followed by a decrease in disease, thereby providing another kind of "natural experiment.” Such evidence, when available can be very persuasive.  It would seem logical that the reverse, too, could be appropriately persuasive, as when a mother is given Bendectin during the relevant period of her pregnancy and then gives birth to a child with limb reduction deformities.  While this does not prove that Bendectin is a teratogen, it certainly is plausibly an element in a causation judgment and is pertinent to a causation judgment in an individu
al. This factor is not included in the Reference Manual. Similarly, Rothman and Greenland point out that “[l]ogically…experimental evidence is not a criterion, but a test of the causal hypothesis…” and its interpretation is often difficult (cf.  p.  27). 

ix.  Reasoning by analogy:  Analogy can be a valuable heuristic device.  Hill comments, "With the known effects of the drug thalidomide and the disease rubella we would be ready to accept slighter but similar evidence with another drug or another viral disease in pregnancy."
 This factor is not included in the Reference Manual. Rothman and Greenland accord it less weight than would I, but their logic is clear: “Whatever insight might be derived from analogy is handicapped by the inventive imagination of scientists who can find analogies everywhere.  At best, analogy provides a source of more elaborate hypotheses about the associations under study; absence of such analogies only reflects lack of imagination or experience, not falsity of the hypothesis.”

Hill summed up his concept of the value of his “viewpoints” as follows:
Clearly none of these nine viewpoints can bring indisputable evidence for or against a cause-and-effect hypothesis and equally none can be required as a sine qua non.  What they can do, with greater or less strength, is to help us to answer the fundamental question--is there any other way of explaining the set of facts before us, is there any other answer equally, or more, likely than cause and effect?"" (emphasis in original).

Thus, Hill warned against a “hard and fast” checklist approach to science.  As Sander Greenland, Professor of Epidemiology at UCLA and co-author of the most widely respected textbook on epidemiology has noted:

It is unfortunate that [Hill’s] list or similar ones have been presented in textbooks as "criteria" for inferring causality of associations, often in such a manner as to imply that all the conditions are necessary.  A careful reading of Hill shows that he did not intend to offer a list of necessary conditions; on the contrary, . . . he warned against laying down “hard and fast rules of evidence that must be obeyed before we accept cause and effect.”
 

Hill never intended to have his “viewpoints” replace common sense and judgment, but merely to aid them.  They must be used judiciously.

Instead of inflexible checklists, Hill emphasized the role of judgment in applying his “viewpoints”  ---  Indeed, Hill stressed that judgment should guide the application of each of his “viewpoints.”  Hill, Environment and Disease, in Evolution of Epidemiologic Ideas at p. 16.  For example, Hill warned that when scientists weigh the “strength,” or “relative risk,” of an association (the first of his “viewpoints”), they should take care to avoid “dismissing a cause-and-effect hypothesis merely on the grounds that the observed association appears to be slight.” (Ibid.)

Hill not only applied his overall flexible philosophy regarding judiciousness to how causal judgments should be made but also each of his “viewpoints” should be assessed and applied. Thus, Hill thought it would be a mistake to overemphasize the “consistency of the relationship.”   He cautioned researchers against weighing the “consistency of the relationship” (the second of his viewpoints) to remember that “there will be occasions when repetition is absent or impossible and yet we should not hesitate to draw conclusions.” (Ibid. at p. 17).  Hill similarly admonished scientists against placing too much reliance on the importance of specificity (his third “viewpoint”) because, as he explained, "[o]ne-to-one relationships are not frequent. …  [I]f specificity exists we may be able to draw conclusions without hesitation; if it is not apparent, we are not thereby necessarily left sitting irresolutely on the fence."    Hill, Environment and Disease, in Evolution of Epidemiologic Ideas at p. 17.

Likewise, when it came to “plausibility” (Hill’s sixth viewpoint), he cautioned against requiring that this factor be met in every case for the simple reason that “[w]hat is biologically plausible depends upon the biological knowledge of the day.  …  [T]he association we observe may be one new to science or medicine and we must not dismiss it too light-heartedly as just too odd … . " (Ibid. at p. 18).

Hill also qualified the plausibility requirement by including coherence as his seventh viewpoint.  According to Hill, “the cause-and-effect interpretation of our data should not seriously conflict with the generally known facts of the natural history and biology of the disease.” (Ibid.)

3. Federal, state, and international health research organizations rely on the weight-of-the-evidence approach
In light of what Hill actually said (as opposed to what some think or wish he said), it is hardly surprising the EPA, many state and international health research agencies, and most practicing epidemiologists utilize what is called the “weight-of-the-evidence” method or approach, rather than a mechanical checklist approach that Hill eschewed.

Although there is no accepted definition methodology, the essence of the “weight-of-the-evidence” approach requires that different types of data be evaluated together.  This may include toxicology and chemical/structural studies, epidemiological studies, animal studies, and comparison with toxicity benchmarks 


The EPA uses this methodology  in evaluating water and air contamination:

The best available toxicity data on the adverse health effects of a chemical and the best data on bioaccumulation factors shall be used when developing human health Tier I criteria or Tier II values.  The best available toxicity data shall include data from well-conducted epidemiologic and/or animal studies which provide, in the case of carcinogens, an adequate weight of evidence of potential human carcinogenicity and, in the case of noncarcinogens, a dose- response relationship involving critical effects biologically relevant to humans.  Such information should be obtained from the EPA Integrated Risk Information System (IRIS) database, the scientific literature, and other informational databases, studies and/or reports containing adverse health effects data of adequate quality for use in this procedure.  Strong consideration shall be given to the most currently available guidance provided by IRIS in deriving criteria or values, supplemented with any recent data not incorporated into IRIS.  When deviations from IRIS are anticipated or considered necessary, it is strongly recommended that such actions be communicated to the EPA Reference Dose (RfD) and/or the Cancer Risk Assessment Verification Endeavor (CRAVE) workgroup immediately.

International agencies use the same methodology:


The [weight-of-the-evidence] approach takes into account the cumulative weight of the many studies that address the question of injury or the likelihood of injury to living organisms.  If, taken together, the amount and consistency of evidence across a wide range of circumstances and/or toxic substances are judged sufficient to indicate the reality or a strong probability of a linkage between certain substances or classes of substances and injury, a conclusion of causal relationship can be made.  This conclusion is made on the basis of common sense, logic, and experience, as well as formal science.  


The Commission notes that the definition is not based on arbitrary rules or formulae but is consistent with the use of the term in law and science.  The question to the answered is “how and when do we know there is sufficient or accumulated knowledge so that a reasonable person will conclude that policy makers should act.”

And this is exactly the approach used by IARC, EPA and even consultants for Lockheed
 when making judgements about causality, and is the approach utilized in this Report.

In the final analysis, judges and jurors, like epidemiologists and toxicologists, are faced with the task of deciding what caused someone’s cancer.  In this situation, epidemiologists and toxicologists utilize and analyze all available information in determining whether a given substance could be or was carcinogenic.
   

III.  
Opinions about the Carcinogenicity of PCE and TCE, and the Basis for Those Opinions 
A.  Baseline Information About Chlorinated Ethylenes and Cancer
PCE and TCE are closely related chemicals belonging to a group called chlorinated ethylenes
.  All the chlorinated ethylenes are built on a common chemical framework, or backbone, which consists of two carbon atoms connected by a double-bond.  This leaves room or “spots” for four more atoms, two on each carbon atom.  When these “spots” are occupied by hydrogen atoms, we have the parent hydrocarbon, ethylene.  As we successively replace each hydrogen atom with a chlorine atom we generate in turn, vinyl chloride (VC or monochloroethylene)
, dichloroethylene (DCE), trichloroethylene (TCE) and tetrachloroethylene (PCE).  Two of these, TCE, and PCE, are found in the air and water of Burbank ingested by the plaintiffs in this case.  

All of these chemicals have uses in the chemical industry as “feedstocks” (i.e.,, the basic building blocks) for plastics or other chemicals, and several, notably TCE and PCE, are commonly used as solvents for degreasing (i.e.,, cleaning) metal parts or in the dry cleaning industry.  During natural biodegradation in groundwater TCE and PCE are converted first to DCE and then to VC.

Scientists do not presume that any of these chemicals are biologically capable of causing cancer, no matter how large or small the quantity consumed.  Most chemicals cannot cause cancer  under any circumstances.  This is so because transforming a normal cell to a malignant cell is a very special kind of biological effect.  

A cancer cell is more like a "Super cell" than a damaged cell: it grows where it wants to grow and divides when it wants to divide without any heed or concern for other properly behaving cells in the same organ or tissue.  Cancer cells do their damage by "out competing" normal cells for nutrients, blood supply, and space.  They are the “social deviants” of cellular society.  Although any chemical, even water, oxygen, or common table salt, can make a cell run worse (i.e.,, have a toxic effect, just as opening up the back of a Swiss-watch and poking around with an ice-pick generally will make a watch run worse), most chemicals, no matter what the dose given, cannot cause a cell to run "better," that is, to become cancerous
.  Thus scientists do not presume that any of the chlorinated ethylenes fall into this special category.
B.  There Are Three Distinct Types and Sources of Evidence That Lead Scientists to the Conclusion that TCE and PCE are Carcinogenic: (1) Epidemiological Studies; (2) Animal Studies; and (3) Toxicological (Chemical/structural) studies
The evidence that TCE and PCE are truly carcinogenic comes from three distinct sources.  The "bookends" of the evidence, so to speak, are, on the one hand clear demonstration that animals given TCE and PCE suffer cancer as a result, and on the other, human evidence from epidemiological studies that this is true for the human species as well (where naturally we cannot do a "formal" experiment).  Between our two bookends comes a substantial amount of toxicological evidence to show how this happens on the molecular level.  As with most scientific knowledge, gaps remain in the picture, but these gaps are continually being filled in. 

1.    Human epidemiological studies demonstrate that TCE and PCE are carcinogenic in humans and cause the specific types of cancers that have been diagnosed in the plaintiffs in this case
In reaching my opinions regarding the carcinogenicity of TCE and PCE, in general, and the ability of those chemicals to cause the specific types of cancer that have been diagnosed in the plaintiffs in this case, I relied more on epidemiological studies than on any other types or sources of scientific evidence. 

a. 
International, federal, and state agencies have used epidemiological studies as the basis for their conclusions that TCE and PCE are carcinogenic in humans
I note at the outset that an exhaustive review of the scientific evidence on carcinogenicity of TCE and PCE was conducted in 1995 by the International Agency for Research on Cancer (IARC), 
 which concluded:

Trichloroethylene is probably carcinogenic to humans (Group 2A).In making the overall evaluation, the Working Group considered the following evidence:

Although the hypothesis linking the formation of mouse liver tumours with peroxisome proliferation is plausible, trichloroethylene also induced tumours at other sites in mice and rats.
  Several epidemiological studies showed elevated risks for cancer of the liver and biliary tract and for non-Hodgkin's lymphoma." (italics in original).

Tetrachloroethylene [PCE] is probably carcinogenic to humans (Group 2A).  In making the overall evaluation, the Working Group considered the following evidence:

 
Although tetrachloroethylene is known to induce peroxisome proliferation in mouse liver, a poor quantitative correlation was seen between peroxisome proliferation and tumour formation in the liver after administration of tetrachloroethylene by inhalation.  The spectrum of mutations in proto-oncogenes in liver tumours form mice treated with tetrachloroethylene is different from that in liver tumours from mice treated with trichloroethylene.

The compound induced leukaemia in rats.

Several epidemiological studies showed elevated risks for oesophageal cancer, non-Hodgkin’s lymphoma and cervical cancer.” (italics in original).  

The evolution of IARC’s treatment of TCE and PCE over the years is instructive.  In a recent review of the current status of IARC animal carcinogens, Karstadt
 made the following observations about the two chemicals: 

Trichloroethylene and tetrachloroethylene have been reviewed by IARC panels several times: three times (volumes 20, supplement 7, and volume 63) for tetrachloroethylene, four times (volumes 11, 20, supplement 7, and volume 63) for trichloroethylene.  Until the consensus meeting that resulted in volume 63 (published 1995) animal evidence for the two chemicals was evaluated as limited and human evidence as inadequate; both evaluations were raised in volume 63, to sufficient in animals and limited in humans.  The IARC reviews of those two chemicals clearly show the gradual accretion of human evidence over the years as well as the development of definitive animal data.

Significantly, IARC is not a public health regulatory agency and IARC makes clear in its documentation that the evaluation of TCE and PCE is on the basis of the underlying science.  It is not intended to be a “health protective” judgment but just a scientific judgment.  
ii.  
Other health research agencies concur with IARC
Similarly, both TCE and PCE are listed in the 9th Edition of the Report on Carcinogens as "reasonably anticipated to be a human carcinogen."  (This Report is published by the National Toxicology Program, National Institute of Environmental Health Sciences of the NIH).
Once again, the judgements are based on scientific, not regulatory considerations.

At the very least, it is clear there is independent, informed scientific opinion that accepts the proposition that TCE and PCE are probable human carcinogens.
Because of the scientific evidence of the carcinogenicity of TCE and PCE both are regulated as carcinogens by federal and state governments.  The current federal limits for both TCE and PCE in drinking water are 5 parts per billion.  Furthermore, California has listed both TCE and PCE (considered together as similar substances and denominated as “PCE/TCE”) as substances that cause cancer under Proposition 65.  This statute requires the Governor of California to revise and republish at least once per year a list of chemicals known to the State to cause cancer.
In sum, PCE and TCE are not carcinogens because they are regulated as such.  They are regulated as such because they are considered to be carcinogens.
b. 
The epidemiological literature regarding the TCE and PCE demonstrates that they are carcinogens
Given the carcinogenic potential of TCE and PCE in animals, it is a natural question to ask if humans exposed to TCE and PCE are similarly affected.  The available epidemiologic evidence is entirely consistent with a TCE and PCE cancer risk in humans.  

Both TCE and PCE are used in a variety of workplaces, but many of the workers are very difficult to study epidemiologically.  Many of these work settings consist of small shops with transient workforces and, consequently, epidemiologists have considerable difficulty in following these workers for the periods of time and in sufficient numbers to obtain informative results.  Another major problem is the presence in most of these workplaces of other substances, often closely related solvents.  This is an unavoidable complication, but one commonly found in occupational studies, such as studies of aniline dye workers, chemical workers, roofers, and many others.  In those cases the presence of possible other agents did not prevent a reasoned scientific judgement that particular substances in the workplace were among the causes of cancer, nor should this “chemical shell game” be used in this instance.

One exception to the multiple exposure problem in the occupational setting has been studies of laundry and dry-cleaning workers.  Dry-cleaners have used a variety of solvents over the years, but principally PCE, petroleum solvents, and in earlier years, TCE.  They thus constitute a working group exposed to two of the main chlorinated ethylenes, TCE and PCE.  Taken together, these studies have showed associations of dry cleaning work with blood cancers, cancer of the urinary tract (bladder and kidney), cervix, lung, colon, pancreas, and liver.
Likewise, environmental investigations of drinking water contamination with TCE and PCE constitute additional opportunities to verify that the increases in cancer seen in TCE-workplaces are at least in part due to TCE exposure.  

c. 
Survey of the pertinent epidemiological studies that I considered and relied on in reaching my conclusions regarding the carcinogenicity of TCE and PCE

I summarize the epidemiological literature in the following table:
SUMMARY OF EPIDEMIOLOGICAL STUDIES 

PERTAINING TO TCE, PCE AND CANCER*

	REFERENCE
	STUDY POPULATIONS
	STUDY DESIGN


	RESULTS

	McMichael et al., 1975
	Rubber workers
	Retrospective cohort mortality study
	Leukemia in rubber workers exposed to several solvents, including TCE



	Blair et al., 1979
	330 deceased members of laundry and dry cleaning union, St. Louis
	Proportional mortality study US population
	Relative excess total cancers, lung, cervix; slight excesses in liver & leukemia



	Kaplan, 1980
	1597 drycleaners whose principal exposure was PCE
	Retrospective cohort mortality study
	Colon cancer (SMR 182) plus elevations involving small numbers for cancers of the pancreas and urinary tract and diseases of the blood forming organs



	Olsson and Brandt, 1980
	25 men admitted with HD, 50 matched controls
	Case-control study
	OR solvents 6.6, 3 cases, no controls exposed to TCE

	Hardell, 1981
	169 lymphoma cases, 338 controls in Sweden
	Case-control study
	OR solvents 4.6; OR TCE 4.8

	Katz and Jowett, 1981
	671 white female drycleaning workers who died in Wisconsin
	Proportional mortality study
	Relative excess in deaths from cancer of the kidney (unspecified site), with smaller excesses in bladder cancer, skin cancer and lymphosarcoma



	Peters, 1981
	Parents 92 children with brain CA ≤ 10 yrs., 92 matched controls in LA
	Case-control study
	OR = 9 for employment in aircraft industry, 2 fathers exposed to TCE

	Duh and Asal, 1984
	Deaths from 1975-1981 among laundry and drycleaning workers in Oklahoma
	Proportional mortality study
	Elevated standardized proportional mortality odds ratios for respiratory cancer and cancer of the kidney

	Barret, 1984
	235 deaths in TCE and cutting oil exposed workers
	Cohort study
	Naso- and oropharynx CA (SMR 2.5)

	Hardell, 1984
	102 liver cancers and 204 matched controls in Sweden
	Case-control study
	OR solvents  and primary liver CA 1.8, hepatocellular CA 2.1

	Hernberg et al., 1984
	126 primary liver CA from Finnish registry 1979-80; 324 hospitalized controls with dx MI
	Case-control study
	OR solvents 2.3

	Shindell and Urich, 1985
	2646 workers (production and office) employed ≥ 3 months 1957-1983 in plant where TCE used as degreaser; some water contamination at plant; f/u to 1983
	Cohort study
	Decreased mortality from all causes in workers compared to national rates

	Brown and Kaplan, 1985
	1597 drycleaners whose principal exposure was PCE, exposed > 1 year before 1960
	Extension of cohort study reported in Kaplan, 1980
	Excess deaths from malignant neoplasms, cervical cancer, urinary tract cancer (both bladder and kidney)



	Barret et al., 1985
	Workers exposed to TCE and cutting oils
	Cohort study
	Excess cancer of the naso- and oropharynx



	Axelson et al., 1986
	Workers exposed to TCE and PCE
	Cohort study
	Slight excess incidence of bladder cancer and lymphoma



	Lagakos et al., 1986
	Population of Woburn, MA
	Nested case-control
	Leukemia OR = 2.2 (1.5-2.9)

	Lowengart, et al., 1987
	Parents of children with leukemia
	Case-control study
	Excess risk if parents occupationally exposed to TCE



	Garabrant et al., 1988
	14,067 workers employed ≥ 4yr in aircraft plant 1958-1982
	Cohort study
	No excesses

	Hernberg, 1988
	344 primary liver CA in Finnish registry, 1976-1978, 1981; 385 controls with dx MI and 476 deceased stomach CA controls
	Case-control study
	OR solvents .6 men, 3.4 women

	Silverman, et al., 1989
	Bladder cancer patients in national study
	Case-control study
	Excess risk in solvent-exposed workers

	Sharpe, 1989
	164 kidney CA, 161 non-CA kidney disease controls
	Case-control study
	OR solvents 3.4 (TCE, PCE, TCA and DCM most commonly used)

	Fredricksson, et al., 1989
	Colon cancer patients
	Case-control study
	Excess cancer in solvent-exposed workers

	Olsen, 1989
	2610 white males employed ≥ 1yr in chemical company in LA between 1956 and 1980; f/u to 1981; plant made PCE and other solvents
	Cohort study
	Leukemia/aleukemia SMR 4.9 (various types, differing employment histories)

	Blair, 1990
	5365 members of a drycleaning union employed ≥ 1yr between 1945 and 1977, followed through 1978
	Retrospective cohort mortality study
	Increased mortality from

esophagus (SMR 2.1, black men 3.5), larynx (SMR 1.6), lung (SMR 1.3), cervix (SMR 1.7), bladder (SMR 1.7), NHL (SMR 1.7), HD (SMR 2.1), thyroid (SMR 3.3), high exposure to drycleaning solvents, blood CA (SMR 4.0)



	Bond, 1990
	44 liver CA from 6259 deaths in hourly workers Dow Chemical 1940-1982; random sample of other deaths (1888) as controls
	Nested case-control study
	OR PCE 1.8

	Lynge and Thygesen, 1990
	10,600 Danish laundry and dry cleaning workers, followed for 10 years from 1970; 1/4 worked in dry cleaning but could not be individually identified; PCE, TCE and CFC exposure
	Cohort study
	Excesses in lung (1.2), liver (2.2) and pancreatic CA (1.7)

	Mallin, 1990
	Town in NW Illinois
	Cross-sectional
	Bladder, RR = 1.7 male, 

RR = 2.6 female

	Fagliano et al., 1990


	Residence in one of 42 towns in NJ
	Cross-sectional, TCE in town water
	Leukemia RR = 1.4 (1.1-1.9) females, RR = 1.0 (.7 – 1.5) for males

	Vartiainen et al., 1993


	Residence in two villages
	Cross sectional, TCE exposure in town water; comparison nat’l rates
	Leukemia Town A, 1.2 (.8-1.7), Town B .7 (.4-1.1);

HD Town A, .8 (.3-1.7), Town B, 1.4 (.7-2.5);

Liver Town A, .7 (.3-1.4), Town B, .6 (.2-1.3)

Multiple myeloma Town A, .7 (.3-1.3),Town B, .6 (.2-1.3)

NHL Town A, .6 (.3-1.1), Town B, 1.4 (1.0-2.0)

	Cohn et al., 1994


	Residence in one of 75 towns in NJ
	Cross-sectional, TCE exposure in town water
	Leukemia RR = 1.4 (1.1, 1.9) females, RR = 1.1 (.8, 1.4); 

NHL RR = 1.4 (1.1, 1.7) females, RR = 1.2 (.9, 1.5) males

	Spirtas et al., 1991
	6929 employees exposed to solvents (include. PCE) and TCE in aircraft maintenance 1952-56
	Cohort mortality
	 SMRs men

Buccal/pharynx .9 (.3, 2.1)

Esoph. 1.1 (.4, 2.3)

Stomach .9 (.5, 1.5)

Colon 1.1 (.7, 1.6)

Rectum .6 (.2, 1.6)

Bil./liver 2.0 (.9, 3.9)

Pancreas .8 (.5, 1.4)

Larynx .3 (.0, 1.9)

Lung 1.0 (.8, 1.3)

Prostate .8 (.5, 1.2)

Kidney 1.2 (.5, 2.4)

Bladder 1.4 (.7, 2.5)

Melanoma1.0 (.3, 2.2)

Brain .9 (.4, 1.7)
Bone 2.6 (.5, 7.7)

NHL 1.0 (.5, 1.9)

HD.9 (.3, 2.4)

Leukemia, .7 (.3, 1.3)

Mult. Myeloma 1.1 (.4, 2.6)

SMRs women:

Colon .4 (.0, 1.3)

Pancreas .8 (.1, 2.9)

Breast .8 (.4, 1.5)

Uterus 1.0 (.3, 2.5)

Cervix 2.2 (.6, 5.7)

NHL 2.9 (.8, 7.3)

SMRs PCE exposure, women

Mult. myeloma 17.1 (2.1, 61.6)

NHL 9.7 (1.2, 35.0)

	Aschengrau et al., 1993
	Permanent residents of 5 towns on Cape Cod, MA, exposed to PCE in  water
	Case-control
	Leukemia OR = 8.3 (1.5-45.3)

Bladder OR = 4.0 (.7-25.1) 

	Axelson et al.,  1994
	1421 workers exposed to TCE, 1958-1987, biomonitored for U-TCA
	Cohort mortality
	SIRs 

Stomach .7 (.2, 1.6)

Colon 1.0 (.4, 2.0)

Liver 1.4 (.4, 3.6)

Pancreas .3 (.0, 1.4)

Larynx 1.4 (.2, 5.0)

Lung .7 (.3, 1.3)

Prostate 1.3 (.8, 1.8)

Testis 2.0, (.3, 2.5)

Kidney 1.2 (.4, 2.5)

Bladder 1.0 (.4, 2.0)

Skin 2.4 (1.0, 4.7)

NHL 1.6 (.5, 3.6)

HD 1.1 (.0, 6.0)

Multiple myeloma .6 (0.0, 3.2)

	Ruder et al., 1994
	1109 women, 592 men drycleaners, employed at least 1 yr. before 1960 at shop using PCE followed through 1990 (update Brown/Kaplan)
	Cohort mortality
	SMRs PCE-only sub-cohort (CI)

All 1.01 (.76, 1.32)

Buccal 2.5 (.52, 7.33)

Tongue 7.25 (.88, 26.2) 

Esoph. 2.64 (.72, 6.76)

Stomach 0

Colon 1 (.32, 2.33)

Rectum 0

Pancreas .73 (.09, 2.62)

Lung 1.12 (.61, 1.88)

Breast 1 (.36, 2.17)

Female genital 1.57 (.68, 3.1)

Male genital .89 (.11, 3.21)

Kidney 1.16 (.03, 6.45)

Bladder 0

Lymph/hem .49 (.06, 1.77)

SMRs PCE-plus sub-cohort (CI)

All 1.33 (1.13, 1.56)

Buccal 1.2 (.3, 3.6)

Tongue 1.8 (.0, 9.7)

Esoph. 1.9 (.7, 4.1)

Stomach.9 (.3,  2.0)

Colon 1.8 (1.1, 2.7)

Rectum 1.8 (.6, 4.2)

Pancreas 2.1 (1.1, 3.6)

Lung/resp. 1.2 (.8, 1.7)

Breast 1.1 (.6, 1.9)

Female genital 1.2 (.6, 2.0)

Male genital .9 (.3, 2.0)

Kidney 1.6 (.3, 4.7)

Bladder 3.5 (1.6, 6.7)

Lymph/hem. .8 (.3, 1.6)

	Anttila et al., 1995
	2050 men and1924 women who were biomonitored and followed up between 1962 and 1992
	Cohort study
	SIRs PCE

Cervix 3.2 (.4, 12)

Kidney 1.8 (.2, 6.6)

Brain 1.2 (.1, 4.2)
NHL 3.8 (.8, 11)

SIRs TCE

Stomach 1.3 (.8, 2.0)

Colon .8 (.4, 1.7)

Liver/bil. [1.9. IARC] (.9, 3.6)

Cervix 2.4 (1.1, 4.8)

Prostate 1.4 (.7, 2.4)

Kidney .9 (.3, 1.9)

Bladder .8 (.3, 1.9)

Brain 1.1 (.5, 2.1)
Lymp./hem. 1.5 (.9, 2.3)

NHL 1.8 (.8, 3.6)

HD 1.7 (.4, 5.0)

Leukemia 1.1 (.3, 2.5)

	Henschler et al., 1995
	169 men exp. to TCE at factory working at least 1 yr. between 1956 and 1975, followed to 1992; control of 190 men at same factory w/o exposure to TCE (no office workers)
	Cohort study
	Kidney SIRs with 3 comparisons

11.2 (4.5, 23.00)Den. reg.

13.5 (5.4, 27.9) GDR reg.

7.2, internal comparison

SMRs

Lung 1.4 (.6, 2.9)

Kidney 3.3 (.4, 11.8)

Brain 3.7 (.1, 20.6)
Lymph./hem. 1.1 (.0, 6.1)

	Mass DPH, 1997
	19 leukemia cases/37 controls, Woburn Mal, 1969-89
	Case control
	Leukemia OR with TCE contam. water 2.4 (.54, 10.6), overall

OR w/ exp. in preg. 8.3 (.7, 95)

OR 2 y before concep. 2.6 (.5, 14)

OR p/birth 1.2 (.3, 5)

	Aschengrau et al., 1998
	258 breast cancer cases and 686 controls, permanent residents of 5 towns on Cape Cod, MA ,  exposed to PCE in  water 
	Case control
	Breast CA OR 7.8 (.9,16.7), 9 yrs latency and 90th%

	Blair et al., 1998
	Cohort of 7204 aircraft maintenance workers(1952-1990) exposed to TCE
	Cohort mortality study
	Esophagus SMR  5.6 (.7, 44.5)

Stomach SMR .9 (.4, 1.9)

Colon SMR 1.4 (.8, 2.4)

Rectum SMR.4 (.1, 1.5)

Biliary/liver SMR 1.3 (.5, 3.4)

Prim. liver SMR 1.7 (.2, 16.2)

Pancreas SMR 1.2 (.6, 2.3)

Lung SMR .9 (.6, 1.3)

Breast SMR 1.8 (.9, 3.3)

Cervix SMR 1.8 (.5, 6.5)

Prostate SMR 1.1 (.6, 1.8)

Kidney SMR 1.6 (.5, 5.1)

Bladder SMR (.5, 2.9)

Melanoma SMR 1.0 (.3, 3.1)

Brain SMR .8 (.2, 2.9)
Endocrine SMR .7 (.1, 5.4)

Bone SMR 2.1 (.2, 18.8)

Lymph./Hem. SMR 1.1 (.7, 1.8)

NHL SMR 2.0 ( (.9, 4.6)

Leukemia SMR .6 ((.3, 1.2)

HD SMR 1.4 (.2, 12)

Mult. myel. SMR 1.3 (.5, 3.4)

	Morgan et al., 1998
	4733 aerospace workers exposed to TCE
	Cohort mortality study
	RR from internal analysis w/ Cox prop. hazards, cum. high

Lymph/hemat. 1.03 (.59, 1.79)

Lymphoma .81 (.1, 6.49)

Liver 1.19 (.34, 4.16)

Kidney 1.59 (.68, 3.71)

Bladder 2.71 (1.1, 6.65)

Prostate 1.35 (.75, 2.44)

Ovarian 7.09 (2.14, 23.54)

	Vamvakas et al., 1998
	58 kidney cancer cases and 84 controls (accident wards)
	Hospital-based case-control study
	Adj. ORs TCE/PCE 10.8 (3.36, 34.75)

	Paulu et al., 1999


	326 colorectal CA, 252 lung CA, 37 brain CA, 37 pancreas CA, and controls, permanent residents of 5 towns on Cape Cod, MA ,  exposed to PCE in  water
	Case control
	Adj. ORs

 Lung CA, 90th% 3.7 (1.0,11.7)

 Colorectal CA 1.7 (.8,3.8) ever exp. and 9 yrs latency

Crude OR

Brain .7 (0,3.4), ever exp., 9 yrs latency
Pancreas 0, ever exp. 9 yrs latency



	Boice et al, 1999
	77,965 aircraft manufacturing workers potentially exposed to TCE, PCE and CrVI, 1960-1997
	Historical cohort
	SMRs (C.I.)/TCE, tbl 8

All .86 (.76, .97)

Buccal .93 (.2, 1.4)

Esophagus 83 (.34, 1.72)

Stomach 1.32 (.77, 2.12)

Colon 1.07 (.72 1.52)

Rectum 1.29 (.59, 2.45)

Liver .54 (.15, 1.38)

Pancreas ..41 (.17, .85)

Larynx 1.1 (.3, 2.82)

Lung .76 (.6, .95)

Bone 1.44 (.04, 8.02)

Connec. Tissue .1.94 (.4, 5.67)

Melanoma ..46 (.06, 1.67)

Breast 1.31 (.53, 2.69)

Uterus .74, (.02, 3.57)

Cervix 0 (0, 5.42)

Ovary .58 (.01, 3.22)

Prostate 1.03 (.7, 1.45)

Testis/genital 0 (0, 5.42)

Kidney .99 (.4, 2.04)

Bladder .55 (.18, 1.28)

CNS (.54 (.15, 1.37)

NHL 1.19 (.65, 1.99)

HD (2.77 (.76, 7.1)

MM .91 (.3, 1.99)

Leukemia 1.05 (.54, 1.84)

SMRs (C.I.)/PCE, tbl 8

All .89 (.82, .86)

Buccal .43 (.2, .82)

Esophagus .83 (.49, 1.31)

Stomach .76 (.48, 1.13)

Colon 1.05 (.81, 1.33)

Liver .92 (.54, 1.47)

Pancreas .77 (.52, 1.09)

Larynx .55 (.18, 1.29)

Lung .88 (.77, 1.01)

Bone .57 (.01, 3.18)

Connec. Tissue 1.21 (.39, 2.82)

Melanoma .87 (.42, 1.6)

Breast 1.26 (.7, 2.07)

Uterus .31 (.01, 1.71)

Cervix 0 (0, 2.37)

Ovary .57 (.07, 2.07)

Prostate 1 (.78, 1.26)

Testis/genital 3.04 (1.12, 6.63)

Kidney .81 (.44, 1.36)

Bladder .85 (.49, 1.35)

CNS .68 (.36, 1.16)

NHL 1.02 (.68, 1.47)

HD 1.61 (.59, 3.51)

MM .98 (.55, 1.61)

Leukemia 1.02 (.68, 1.48)

	Dosemici et al., 1999
	796 cases, 707 controls (both population based, controls stratified for age and gender
	population-based case-control for kidney cancer
	TCE OR

men OR 1.04  (.6, 1.7)

women OR 1.96 (1.0, 4.0)

PCE OR

men OR 1.12 (.7, 1.7)

women OR .82 (.3, 2.1)


*citations

There are also numerous studies of cancer risk among workers who have a history of exposure to solvents, among which TCE and PCE are extremely common.  Because such work usually involves mixtures, it does not unequivocally implicate TCE or PCE as the sole causes of the elevated risks, but it is clearly pertinent in that these are TCE and PCE exposed workers
.  

i. 
Evaluating the stregnths and weaknesses of these epidemiological studies
I have already discussed the importance of evaluating internal and external validity in epidemiological studies.  The results of evaluations of these qualities of a given study influence the weight given to a study when a scientist “assembles the picture” integral to a judgment of causality.  My Boston University colleagues and I carefully train student epidemiologists to do this evaluation of internal and external validity so that becomes second nature to them (the ability to do so in one’s sleep, so to speak, is one of the things that separates epidemiologists from other scientists, such as toxicologists or clinicians, when evaluating epidemiological studies).  And practicing epidemiologists perform the required evaluations so frequently that they eventually do it as a matter of course, without bothering to use a formal checklist of criteria or considerations.  This is analogous to the ability of clinicians to take a history and do a physical exam much more quickly than a medical student who must learn to do so through repetition of an exhaustive “review of systems” and systematic and tedious physical exam.  

 (a)  The “checklist” of factors I used in evaluating the strengths and weaknesses of these epidemiological studies 
The process of evaluating the strengths and weaknesses of epidemiological studies can be displayed by exhibiting the kinds of training materials typically used to teach epidemiology students.  In teaching environmental epidemiology to public health students and Ph.D candidates in public health, my Boston University colleagues and I use just such a systematic approach for our students.  I present it here:

Environmental Epidemiology (EB757) Study Critique

Follow this outline exactly and answer every question succinctly. Your critique should be no longer than 3 double-spaced typed pages (5 pages if handwritten). Do not single space as it makes it difficult to give you feedback.

A. Collection of Data

A.1 What were the Objectives of the study? What was the association of interest?

A.2 What was the primary outcome of interest? Was this accurately measured?

A.3 What was the primary exposure of interest? Was this accurately measured?

A.4 What type of study was conducted?

A.5 What was the study base? (Describe the process of subject selection, sample size, and ratio of propositi to comparison subjects)

A.6 Selection bias: Was subject selection based on the outcome or the exposure of interest? In what ways could the selection have differed with respect to the other factor of interest? Were these likely to have introduced a substantial bias?

A.7 Information bias: How was information collected on the outcome or the exposure of interest? In what ways could this information have differed with respect to the other factor of interest? Were these likely to have introduced a substantial bias?

A.8 Confounding: What provisions were made to minimize the influence of confounding factors prior to the analysis of the data?

B. Analysis of Data

B.1 What methods were used to control confounding bias during data analysis? Were these sufficient?

B.2 What measure of association was reported in this study? Was this appropriate?

B.3 How was the stability of the measure of association reported in this study? Was this method appropriate?

C. Interpretation of Data

C.1 What was the major result of this study?

C.2 How would the interpretation of this result be affected by the previously mentioned biases? (Discuss both direction and magnitude of any bias).

C.3 How would the interpretation of this result be affected by any non-differential misclassification? (Discuss both direction and magnitude of any bias).

C.4 To what larger population may the results of this study be generalized?

C.5 Did the discussion section adequately address the limitations of the study? Was the final conclusion of the paper a balanced summary of the study findings?

The above is a training exercise aimed at students, but it illustrates the process that I , my Boston University colleagues, and other epidemiologists use to evaluate internal and external validity of epidemiological studies.  I have used a similar process to evaluate the epidemiological studies concerning TCE and PCE.  Although it is not customary to set down all the considerations in writing, the approach is the same.  For illustrative purposes I have set down the considerations I used in evaluating the Boice et al.. (1999) study, which was commissioned and financed by defendant Lockheed shortly after Lockheed had been sued , but only recently published.

i.
 My evaluation of the internal and external validity of the Boice study.
The Boice study is a study of some 78,000 workers engaged in the manufacture of aircraft at LM’s Burbank facility.  In addition to carefully reviewing the Boice study itself, I also have examined two other documents that underlay the Boice study: (a) the exposure assessment, by Marano, et al.., and (b) a portion of the backup material prepared prior to onset of the study (the so-called “feasibility study”), which Boice and his colleagues used to demonstrate to Lockheed’s lawyers their ability to undertake the study Lockheed desired.
As noted above, evaluation of scientific evidence for causation involves, among other things, an assessment of existing publications for validity, both internal and external.
 (a)
Evaluation of the internal validity of the Boice study

Study type: 
Retrospective cohort mortality study.


Study objectives:  
This study appears to be litigation-driven, since the main exposures of interest were just those involved in the state and federal lawsuits against Lockheed and it was the company, through its legal counsel, that arranged to have it performed.  The authors did not state if Lockheed’s lawyers sought and were allowed prior “review” of the study, and if so, how the final paper differed from drafts submitted before review.  Oddly, although the stated study objective was to evaluate the risk of contracting cancer and other diseases among aircraft manufacturing workers potentially exposed to chromate, TCE, PCE, and mixed solvents, the study did not evaluate the risk of contracting cancer but rather  the risk of dying from cancer, which, as discussed below, is a related but not identical matter.
Outcome of interest:   The outcome of interest was stated to be risk of cancer, but the outcome studied was death from cancer.  Because death from cancer is composed of two different components (the risk of cancer plus the risk of dying from that cancer), the study failed to accurately measure the authors’ stated outcome of interest. Documents from the proposal and feasibility study suggest the authors were interested in pursuing cancer incidence (a better measure of risk), but for some reason that was not explained, did not do so.  It should be noted, too, that SMRs (measures of risk of death) are usually lower than SIRs (measures of risk of contracting cancers: adjusted incidence rates) for the same diseases.
Even within the outcome that the authors actually studied (mortality), there are some unanswered questions about the accuracy of outcome (cause-specific mortality).  Cause (and cancer site) specific mortality was obtained from death registration files or death certificates.  Scientists recognize that these sources are not completely accurate, and the accuracy varies with cause of death.  Thus scientists recognize that although the accuracy for cancer is better than for some other causes, there is considerable variation between different cancer sites, and, moreover, for certain treatable cancers (e.g., some leukemias, kidney and bladder cancers, thyroid cancer) death certificates may only poorly reflect a history of cancer.  Although this also affects the comparison group, i.e.,, persons who did not die of cancer in the general comparison population the result would tend to blunt, understate, and underestimate any true effects of exposure (non-differential outcome misclassification).  

In addition, the authors failed to supply any information regarding the source and quality of medical care for the Lockheed employees.  If their care was in some sense comparable to the general population this might make little difference.  But if it were different in some way (e.g., through a private insurer paid by the company as part of a collective bargaining agreement with the worker’s union) the documentation and interpretation of medical results might be skewed in one direction or another.  With fewer than 11% of all deaths nationwide now being autopsied, the judgment of medical care providers becomes even more important in classifying a cause of death. 


Primary exposure of interest:   The authors of the Boice study were primarily interested in TCE, PCE, chromates, and mixed solvents, although there was exposure to many other chemicals at the plant.  The authors’ principal difficulty resided in how to determine who was exposed to what and when.  To fulfil this requirement they devised an elaborate protocol  to classify which workers had been exposed to one or another chemical -- routinely, intermittently, or not at all.

The question here is not whether a credible effort was made to devise an elaborate protocol (it appears that it was), but whether in the circumstances of the Burbank plant, where workers changed jobs frequently, where jobs themselves were altered frequently, and where workers frequently suffered from multiple exposures to many different agents, it is possible to devise an exposure assessment scheme that would not result in a crippling -- and disqualifying -- degree of misclassification, misclassifications that could completely mask any true associations.

My concerns over the adequacy of the exposure assessment stem from two sources. 


First, the Boice strategy of trying to determine homogeneous exposure groupings, which underlies their scheme, is known to result in a great deal of potential misclassification (i.e.,, to result in non-uniform exposures to members of the supposedly homogeneous group).
  Substantial within- and between-worker variability were manifest in Kromhout’s dataset (much of which was derived from the more homogeneous work setting of the chemical industry), despite the fact that  Kromhout’s classifications were based on considerably more information than available to Boice.  Boice’s claim that they had reproducible and accurate exposure classifications (Report on Feasibility, p.  10), seems to be rather exaggerated since they have no method to verify the exposures.  Significant, the authors failed to document this claim.
Second, despite Boice’s repeated descriptions of how he and his colleagues clarified  exposure classifications, it is still not clear how “estimated potential for exposure” to TCE/PCE was determined for job titles.  Lockheed apparently made little or no exposure data available to Boice, and the plant was not operating and empty of workers at the time he conducted his study.  I believe that it is simply insufficient to give the sources of information without a description of how those sources were used, particularly when the study to be used by Lockheed was solicited and funded by Lockheed, and would not have been undertaken (at least not by Boice) “but for” Lockheed’s payment of Boice’s fee.  Although job “families” were determined a priori by Lockheed (which clearly had a stake in the study and thus a stake on how data was arranged and classified), Boice failed to document the basis and accuracy of these “families” for the purpose of making even gross estimates of exposure.  Although members of Boice’s own team assigned historical job titles to job families, Boice did not say whether these assignments were tested for reproducibility between or within team  member judgments.  

Boice reported that Lockheed conducted industrial hygiene walk-through inspections of the Burbank facility with “knowledgeable former Burbank employees” to indicate locations of departments and process equipment lines for each location.  Boice failed to report, however, who these employees were (were they hourly employees or management, for example) and the extent of their true knowledge of what went on at various locations; indeed, Boice failed to state whether he asked these most elementary questions.  To the extent that this knowledge varied, there is additional potential for exposure misclassification.  

Boice also failed to report factory “floor plans” and “chemical usage patterns” were translated into job exposure potentials.   Boice reported that he conducted interviews with selected long-term employees, but he failed to say who these employees were, who made the selection and how, who arranged for access to these former employees (and for the former employees’ access to Burbank facilities), and what their true knowledge might have been.

Marano stated that the exposure metric was the “length of time spent in jobs with potential exposure to the chemical” (Marano MS, p.  2), but it is not clear if this means that Marano counted (1) only time spent in jobs when the chemical was used is counted (e.g., prior to 1966 for TCE) or (2) all time spent in the job.  For example, for a Process Operator/Plater who started employment after 1966, presumably no person years of follow-up would be counted under “TCE worker” in table 8, but Marano (and Boice) failed to explain whether this was done, and, if so, how this was done.  I would assume dermal and inhalation exposures were both included, although it is known (see Kromhout) that dermal exposures show a great deal of between-worker variability.  Marano and Boice also failed to explain how person-years of follow-up were calculated for various occupational classes thought to involve TCE exposure. 

Boice reported that information of job histories came from Lockheed’s collection of employee “Kardex cards” and that these cards were complete.  But Boice also revealed that computerized retirement information was used  “to supplement” and confirm information found on the Kardex cards (Marano ms., p.  5).  This leads to a question that Lockheed and Boice have never answered: if the cards are the “gold standard” of employee information, why was supplementation used? And how were payroll data listings used to inform the job history database?

Although the number of workers and studied and followed-up by Boice is comparatively large (relative to other studies), the number of workers even putatively exposed to TCE and PCE is not large.  Only 12% (TCE) and 13% (PCE) of the factory workers were judged to have been exposed to those chemicals “routinely” or even “intermittently,” and the numbers for “routine” exposure to these chemicals were only 5% and 6%, respectively.  The latter figures are roughly the same as the proportion of factory workers (4.3%) for whom duration of exposure to solvents could not be estimated from the records.  It is not clear if the 4.3% is part of the 5% (or 12%) or in addition to them.  

Only 31,000 of the total cohort of 78,000 (and factory subcohort of 45,000) were in the eight job families that Boice and Marano judged were most likely to entail highest potential for significant exposures to TCE and PCE.  (This assumes that the breakdown given in table III of the Marano ms.  has no overlaps, i.e.,, workers in more than one category; with overlap, fewer than 31,000 would be in the group with potential exposure.) Thus even if Boice confined himself to the factory subcohort described in table 3 of his report (for which he failed to provide any  confidence intervals), he was looking at a population which even he was compelled to admit had at least one third of its members not likely to have even potential for exposure.  Thus the relevance of any part of table 3 is rather questionable.
Table III of the Marano ms. also purports to give the distribution of exposed workers by job family and exposure to TCE and PCE (“70%…were exposed to PCE”), but all that was determined was whether this was a job with potential for exposure to PCE, not whether any particular worker was  exposed to PCE.

Imprecise exposure assessment, which is almost certainly present here, is well-recognized as the Achilles heel of most environmental and occupational epidemiological studies.  In addition, Boice failed to supply sufficient information to allow an independent evaluation of the adequacy of exposure determination.  Because even moderate amounts of non-differential misclassification of exposure will dramatically reduce estimates of true effects, failure to find effects in the one comparison of relevance (Table 8), does not support the opinion that TCE and PCE are without effect.
Study base and comparison group:   The study base and comparison group consisted of workers with at least one year tenure at the LM Burbank plant on or after 1/1/60.  Thus there were two possible sources of both selection and “late entry” bias.  Boice stated that he analyzed data to account for the better mortality experience of newly hired workers and to account for latency (a 10 year lag), but he failed to present that data.  Boice stated that the data made “little difference” in SMRs for the full dataset.  If there were no difference, I would think the methodologically less impeachable data would have been preferred. The reason Boice gave for using this sort of data (including the entire cohort allowed comparison with the aircraft studies in the literature) are neither relevant nor persuasive, because the comparisons given in table 10 are between the total cohorts of each of the studies, not the factory sub-cohorts.  Furthermore, Boice’s habit of diluting the cohorts with office and administrative workers – i.e.,, with employees who had no potential for exposure -- is not an informative procedure for the claimed objective of evaluating the effects of factory exposures.  As a result, Boice’s comparisons in the table must be judged to  completely worthless.

Most importantly, there is substantial evidence for a general downward bias in the SMRs in the Boice study.  This can be seen in two ways.  Both the “all cause” and “all cancer” SMRs are significantly below 1.00 for both the total cohort and the factory subcohort.  Because no one has ventured to claim a “chemoprotective effect” for any of the chemicals in the plant, i.e.,, that industrial pollutants miraculously improve the health of the people who ingest them, this is evidence of bias (chance being unlikely).  Whatever the source of the bias, it seems to operate on cancer and non-cancer effects alike, and is not confined to only a few causes of death.  Thus for the 25 cancer SMRs reported in table 3 among factory workers (the only subcohort of any relevance here), only 7 have SMRs at one or above.  If there is no effect of exposure, one would expect the probability of being above or below one to be 0.5.  A calculation of the likelihood of there being “no bias” when 18 of 25 results are below 1.00 does not support the contention of “no bias.” The same is true of the Morgan and Garabrant studies, both studies of aircraft manufacturing workers.  Thus it is necessary to look for a source of downward bias common to these studies.
One finds it most plausibly in the Healthy Worker Effect (HWE).  The HWE is clearly evident in the non-cancer effects.  One might think it less likely to affect cancer mortality, but as noted above, a bias is clearly evident in the results.  One explanation is the special nature of being selected into manufacturing work on military aircraft, where it is possible (and for many jobs likely) that additional screens for lifestyles that might also be correlated with unfavorable mortality outcome would be applied (e.g., drinking, drug use, or other lifestyle choices that might pose a security risk).  In any event, it is clear that something pushed all the effect levels downward, to an extent not determinable from the data as presented.
Confounding:  Boice controlled for only four confounders or effect modifiers: age, race, sex and calendar year.  Although these are important to control, Boice made no attempt to control for other important confounders, confounders that might mask (or produce) associations, for example smoking.  Although Boice acknowledged the importance of controlling confounders in his feasibility proposal, he made no attempt to do so in the main study.  

Stability of measures of association:  The confidence intervals for various sites in table 8 are wide, which substantially reduces the informativeness and relevance of the results that Boice reports.  This is due primarily to the small number of workers exposed.  It should also be noted that calculation of confidence intervals assumes there is no bias.  Inasmuch as we know some downward bias exists, the confidence intervals themselves are biased.  The most apt comparisons (internal comparisons) had too few observations to be informative (according to the authors, and I agree) for routine exposures to TCE or PCE.
 (b)
Interpretation and external validity (generalizability) of the Boice study
At best the Boice study is non-positive with respect cancer mortality, not cancer risk.  As it is, even the study’s conclusions about mortality are not warranted.  

Although it is true that in this study both the “all cause” and cancer mortality rates are mostly below national population norms, this is readily explained as the result of bias, most likely selection bias.  The only alternative is to posit a chemoprotective effect for the exposures that occur at the Burbank facilities, something which neither Boice nor anyone else has had the temerity to broach.  Thus the results provide evidence that impeach the credibility of the study, not the credibility of propositions about the relationship of exposures to TCE and PCE and cancer risk.  

The same caveats concerning bias apply with respect to total and cancer mortality for Burbank employees resulting from exposure to TCE and PCE.  Additional caveats apply to the almost certain non-differential misclassification of exposure, misclassifications that would dilute or mask any real effect.  The relatively small proportion of workers exposed to TCE and PCE in this workforce make any estimate of effect, even in the absence of bias, tenuous.  Indeed, the fact that only a portion of each worker group in table 7 was exposed to TCE or PCE, essentially turns this study into an “ecologic design.” Thus questions of between group confounding or effect modification become even more pressing and the results even more difficult to interpret.  It is significant, however, that one of the cancer sites identified by IARC, non- Hodgkin’s lymphoma, shows up as elevated in the job title with the highest proportion of TCE and PCE exposure (Fabrication, table 7), even in the face of almost certain downward bias from selection and misclassification.  

The problems that are endemic to the aircraft industry in the Boice study are also evident in other studies of aircraft manufacturing/maintenance (Spirtas/Blair, Garabrant and Morgan), where selection and exposure misclassification bias the results (downwards or to the null).  

The insensitivity and downward bias (not to mention lack of generalizability) of the Boice results is shown by its inability to detect an increased rate of lung cancer in the asbestos-exposed subcohort.  If we were to depend upon the Boice study to signal the carcinogenicity of asbestos (a strong carcinogen) we would still be allowing indiscriminate exposure at work and in the environment.

Finally, the generalization that a lack of showing of cancer at LM Burbank logically implies a lack of risk to populations in the neighborhood of the LM facilities.  The workforce at LM Burbank is not representative of that population, nor can risks that would be of significant public health impact on the surrounding large population of all segments of the community be remotely detectable in the Boice study.
 The workers that lived in Burbank were subject to the same selection biases as the ones remaining at work.
My review of other, independent, non-litigation driven epidemiological studies on TCE and PCE
There is a rather large epidemiological literature on TCE and PCE.  The most recent survey of this literature is in Wartenberg 
et al.. In the last decade, in addition to the Boice study reviewed above, a number of the older studies have been updated and some new populations of workers exposed to PCE and TCE have been studied, specifically, the update of the Axelson study, published in 1994, the study by Spirtas et al.. of 1991, the study of Henschler of 1995, the Anttila et al.. study of 1995, the Blair update of 1998, and the Morgan study of 1998.  IARC took special note of the studies by Axelson, Spirtas and Anttila, while the studies of Blair and Morgan were published after the IARC Monograph was published.  In addition, Ruder et al.. published an update of the Kaplan (1980) and Brown and Kaplan (1985) studies of dry cleaners, and Blair et al.. reported in 1990 on a follow-up of an earlier union cohort of drycleaning workers.  

I briefly discuss each of these studies.  I organize the discussion under several broad headings: studies of aircraft manufacturing and maintenance workers; studies of workers measured with biomarkers of exposure; studies of dry cleaning workers; German studies of kidney cancer; and environmental studies of drinking water contaminated with TCE and/or PCE.
(1)   Other epidemiological studies of aircraft manufacturing and maintenance workers
Lockheed’s Boice study is one of four occupational cohort studies in the literature of aircraft manufacturing or maintenance workers, although it is the only one I know of that was  solicited and completely financed by a party in the midst of ongoing litigation. All the studies show evidence of significant selection bias (healthy worker effect and selection for unusually low risk workers).  All are mortality studies except for some portions of the Spirtas/Blair cohort, described below.  Use of mortality also lowers observed risks.  All of the studies also suffer from significant exposure misclassification, further blunting, diluting, or masking any risks that may be actually present.  One of the studies, by Garabrant et al..,
 is uninformative and will not be considered further.  

Spirtas, et al..
 –  This cohort study consisted of workers who maintained and overhauled aircraft and missiles.  Some 7200+ civilian workers working in a 5-year window (1952 – 1956) at Hill Air Force Base in Utah were classified as having been exposed to TCE, although exposures levels were not quantified
.  Utah State rates were used for comparison and follow-up was through 1982 (i.e, maximum 26 year latency).  The kinds of selection bias noted for the Boice study (a workforce with less than usual lifestyle risk factors because of the nature of the employment) would also be expected to bias the results downward for Spirtas’s study.  A relatively stable excess for biliary tract cancer deaths was seen, and less stable excesses for bone cancer in men; cervical cancer, and non-Hodgkin's lymphoma in women also were seen.  This study differs from the Axelson study and the Henschler study (discussed below) in studying mortality (deaths) rather than cancer incidence.  This makes a quantitative comparison of its results with those studies less commensurable and less interpretable.
There was evident in Spirtas’ tables 6 and 7 an increased risk for Multiple Myeloma (MM) and NH to both men and women exposed to solvents as a class, including TCE:

	Spirtas tbls 6-7
	hi
	low
	SMR
	obs
	chemical

	MM
	2.8
	0.78
	1.56
	11
	any solvent, men

	MM
	2.8
	0.78
	1.57
	11
	mixed solvent, men

	MM
	2.6
	0.36
	1.11
	5
	TCE, men

	MM
	6.4
	0.45
	2.2
	3
	any solvent, women

	MM
	6.5
	0.46
	2.23
	3
	mixed solvent, women

	MM
	7.2
	0.03
	1.3
	1
	TCE, women

	NHL
	1.9
	0.72
	1.21
	18
	any solvent, men

	NHL
	1.9
	0.72
	1.22
	18
	mixed solvent, men

	NHL
	1.9
	0.49
	1.03
	10
	TCE, men

	NHL
	5.8
	1.13
	2.82
	7
	any solvent, women

	NHL
	5.6
	1.15
	2.86
	7
	mixed solvent, women

	NHL
	7.3
	0.78
	2.86
	4
	TCE, women


Although the exposures here are generally to mixed solvents or unspecified solvents, Spirtas did remark that elevated SMRs for MM and NHL were seen for PCE exposures in women (SMR 17.05, CI 2.06-61.59 for MM, SMR 9.68, CI 1.17-34.96 for NHL).  Although  these findings could have other explanations, Spirtas et al.. comment that “the associations between these tumours and chemicals such as carbon tetrachloride and perchloroethylene that cause cancer in laboratory animals, plus similarities to other epidemiological investigations that have noted associations between various solvent exposures and risks of lymphatic and haematopoietic neoplasms, provide a biological plausibility which, we believe, does not allow these findings to be clearly dismissed as chance occurrences.”
A recent paper by Blair 
 et al.. reports an update of the Spirtas et al.. cohort study.  The definition used by Spirtas and Blair of “TCE exposure” is of an individual who ever held a job “in which exposure to TCE may have occurred.” (Emphasis added).  Thus some of the jobs so classified may not have had any TCE exposure, and even for those that did, holders of those jobs may never have been exposed to TCE (indeed, TCE use ceased in 1966).  Thus considerable exposure misclassification is almost certain, which would tend to reduce any estimate of a real risk that might have been present.

The estimates of NHL are increased (RR = 2) in the TCE sub-cohort (as are estimates for cancer of the esophagus, colon, liver breast, kidney, cervix and bone), but the estimates of the increases are not statistically stable, affect men and women differently, and are not clearly related to levels of exposure.  In particular, kidney cancer risk was increased for women, with the two reported cases both being in the high exposure category (RR = 3.6, C.I.  .5 – 25.6), or alternatively in the group experiencing frequent peak exposures (RR = 5.7, C.I.  .5 – 63.3).  The considerable width of the confidence intervals indicates the relatively unstable nature of these estimates.  No similar risk patterns were evident among men, but again with such unstable estimates any existing monotonic pattern could be obscured.
On their face, the Spirtas/Blair data suggest an increased risk of kidney cancer for women but not for men.  A similar result has been reported by Dosemici et al..
, where the gender difference in kidney cancer risk from TCE was highlighted.  In this study 796 newly diagnosed kidney cancer patients (all white) were identified in the population-based Minnesota cancer registry in the period 1988 – 1990, and compared via interview methods with 707 population-based controls stratified by age and gender.  Response rates (86% and 87%) were good and comparable in each group.  Occupational histories were obtained (along with a complete demographic profile and set of confounders) and those thought exposed to TCE or PCE were identified by means of a National Cancer Institute Job Exposure Matrix previously used by the investigators, who are from the National Institutes of Occupational Safety and Health (NIOSH).  Analysis was via multivariate logistic regression, with the ORs used as an estimate for the RR, controlling for age, smoking, hypertension status and/or use of diuretics and/or anti-hypertension drugs, and body mass index (gender specific).  

As expected, males were much more frequently exposed to organic solvents (34% versus 11%), but the difference between the cases and controls was much greater for females than males, with an OR = 1.96 (1.0, 4.0) for women compared to an OR = 1.04 (.6, 1.7) for men.  No similar risk difference by gender was seen for those giving a history of exposure to PCE, although differences were seen for some other solvents.  The authors point out that previous occupational studies of kidney cancer tended to focus on men, although a few have included women, including the Ruder et al.. study of dry-cleaners, discussed below, and two other studies that mention dry-cleaners (Asal et al.., 1988, and Mellemgaard et al.., 1994)
.  I quote the authors’ comments on this matter:
Although in some studies, risks were not significant due to the small number of women in the study population, women consistently showed higher RCC [kidney cancer] risk than men for the same exposures.  Asal et al.. (1988) and Ruder et al.. (1994) reported almost 3-fold risk differences between men and women who worked in the dry-cleaning industry, in which various chlorinated aliphatic hydrocarbons, e.g., carbon tetrachloride, TCE, PCE, and 1,1,1 trichloroethane) have been used since the 1930s (ref.  to IARC).  Mellemgaard et al.. (1994) reported more than 4-fold significant risk differences between men and women exposed to solvents in general.

Dosemici et al.. also discuss the biological mechanisms that might produce higher risk among women than men, which has been fairly consistently observed.  I note that any discounting of the TCE or PCE kidney cancer relationship on the basis that it is not the same for men and women is shown here to be invalid reasoning.
Morgan et al..:
  --  The study by Morgan et al.. examined mortality in a cohort of 20,508 workers at a Hughes Aircraft manufacturing plant in Arizona.  Any worker employed more than 6 months between 1950 and 1985 was identified from company records and the vital status of each worker(whether they were alive or dead) was determined using Social Security Administration (SSA) files and, after 1979, the National Death Index (NDI).  The published paper does not indicate use of any other means of follow-up.  However, the unpublished earlier report by Wong and Morgan indicates that the usual follow up means were used.  It is unclear why the published report does not take note of this, but I assume that the earlier (unpublished) method was followed in the updated study as well
.  The study found an excess of ovarian cancer and elevated relative risks for cancers of the kidney, bladder and prostate, but did not find an association between TCE and lung or liver cancers or blood cancers, such as NHL.  

Morgan’s study is a study of aircraft manufacturing workers, like the Garabrant and Boice studies.  Like those studies, Morgan shows evidence of severe selection bias.  Indeed if we look at the three cohorts that examined cancer mortality in aircraft manufacturing workers we find that for 54 independent cancer mortality estimates only 10 in all three studies were above 1.0.  If this were an unbiased study in which work exposures had no effect on mortality we would expect about half to be above 1.0 and half below 1.0.  The observed split (10 above and 44 below) is highly unlikely.  It would be as if a fair coin were tossed 54 times and came up tails 44 times and heads 10 times.  The observed results suggest either that the coin was not fair (there was a bias) or indeed something at work is chemoprotective, again, a claim no one has ever made.  Most epidemiologists would think selection bias was the most plausible explanation (the so-called Healthy Worker Effect or HWE).
Because of this selection bias, the most appropriate comparisons in the Morgan study is an “internal comparison,” which was done using a Cox proportional hazards model.  Here are the results for the comparison of peak low and no TCE exposures versus peak medium and high exposures:

	Morgan, Cox tbls 3-5
	upper limit
	lower limit
	RR
	exposed
	not exposed
	contrast

	all CA
	1.24
	0.9
	1.06
	177
	923
	 peak hi vs low

	bladder
	3.81
	0.52
	1.41
	5
	18
	 peak hi vs low

	hemat
	1.82
	0.64
	1.08
	17
	90
	 peak hi vs low

	kidney
	4.23
	0.85
	1.89
	8
	24
	 peak hi vs low

	leukemia
	2.49
	0.49
	1.1
	7
	35
	 peak hi vs low

	liver
	3.35
	0.29
	0.98
	3
	17
	 peak hi vs low

	lung
	1.4
	0.82
	1.07
	64
	324
	 peak hi vs low

	NHL
	6.08
	0.28
	1.31
	2
	9
	 peak hi vs low

	ovarian
	8.99
	0.84
	2.74
	4
	9
	 peak hi vs low

	prostate
	2.55
	0.85
	1.47
	16
	60
	 peak hi vs low


In every case except for liver cancer there is an increase in risk with high TCE exposure in this cohort, i.e.,, evidence of a dose-response relationship.  In particular, there is a RR of 1.89 (.85, 4.23) for kidney cancer in the internal comparison.  In increased RR in the blood cancers are slight (with the highest being for NHL, RR = 1.31, C.I.  .28 – 6.1) and not impressive. The downward bias that affects the other estimates also affects these, suggesting the actual risks may be considerably higher (and well above 2).

 (2) 
Epidemiological studies of workers with biological monitoring for exposure to TCE and PCE
Axelson, 
et al.. –   The Axelson (“Swedish”) study published in 1994 is a second update of his original effort from 1978 (the first update was published in 1984).  It uses methodology similar to the study of Finnish workers by Anttila et al., establishing a cohort of workers exposed to TCE by using existing records of urine tests given to monitor occupational exposures to chlorinated hydrocarbons (urinary trichloroacetic acid measurements, U-TCA).  However, unlike the Anttila study (discussed below), the workers who were offered free U-TCA monitoring in Axelson were employees of customers of the TCE producer.  There is no evidence to suggest that all workers who took advantage of this service were exposed to TCE, since it appears that any worker of such a customer could be monitored, regardless of exposure.  U-TCA is also used for exposures to PCE and 1,1,1-trichloroethane, of which only PCE is sufficiently similar to TCE to put it in the same category of potential carcinogenicity.  In fact, detectable U-TCA levels do not ensure that a worker was exposed to any of these chemicals.  Studies cited in the IARC monograph on TCE show median U-TCA levels  of 6 mg/L, with a range of 0.6 - 261 mg/L in unexposed individuals, comparable to the levels found in 80% of the study subjects in Axelson.
  

Moreover, there is almost certainly substantial exposure misclassification involved in the U-TCA exposure assessment.
  This misclassification tends to dilute, blunt, or obscure existing differences between exposed and unexposed groups, obscuring any real relationships that might exist.  Because of the lack of information about how the samples were taken and from whom, any exposure information (and certainly dose information) should be considered unreliable.  

As noted elsewhere, this kind of problem almost always tends to reduce or mask any true effects that might be present.  It should also be noted that Axelson’s measure of “duration of exposure” is not actually exposure duration, but length of time from first sample submission.  Some of these samples could have been submitted many years after beginning work, so that the measure of cumulative exposure is also in error, further biasing the risk results downward.  The Anttila study (discussed below) does not have these defects, because monitoring was mandatory and only TCE exposed workers had samples submitted for U-TCA exposure.  On the other hand, Anttila acknowledges that some employers even in this setting may have confused trichloroethane with trichloroethene and sent in the incorrect sample (urine instead of blood or vice versa), and even here misclassification is a possibility.
    There is some evidence of a dose-response relationship in Axelson’s tables (the data are for all malignant tumors):

	monitored cohort by mean U-TCA and exposure time, all CA, tbl 2
	upper confidence limit
	lower confidence limit
	SMR
	obs
	time from 1st monitored sample

	0-49
	2.04
	0.45
	1.04
	8
	<2 yrs

	100+
	4.37
	0.15
	1.21
	2
	<2 yrs

	0-49
	0.9
	0.37
	0.56
	20
	>2 yrs

	100+
	2.8
	0.2
	0.96
	3
	>2 yrs


Here the contrast is between those with 0 – 49 mg/l U-TCA and 100+ mg/l.  The middle category has been eliminated so as to reduce as much as possible the kind of misclassification the Axelson study suffers from.  In this rendition, within each duration category (< 2 years and >2 years) there is an apparent dose-response gradient.  The depressed SMRs are explainable from a healthy worker effect.  

If we look at Axelson’s table 5 which gives incidence data for selected sites in the monitored cohort, with the same contrast and men with >2 years exposure and at least 10 years latency, we see a dose response for all cancers combined and for NHL and prostate cancer.  There is no apparent gradient for liver cancer and skin cancer.  In all these instances the numbers are small and the stability of the estimate (as measured by the confidence intervals) is small (wide intervals), which could lead one to say the study itself is not very informative (i.e.,, it is compatible with a range of interpretations), but the data are certainly compatible (and show evidence of) a dose response effect.
	Axelson table 5: monitored cohort SIRs >2 yrs from 1st sample and 10 yr latency
	upper confidence limit
	lower confidence limit
	SIR
	obs
	exposure group

	all CA
	1.38
	0.75
	1.02
	41
	b - 0-49 mg/l

	all CA
	3.35
	0.56
	1.54
	6
	d - 100+ mg/l

	liver
	6.83
	0.23
	1.89
	2
	b - 0-49 mg/l

	liver
	35.52
	0
	0
	0
	d - 100+ mg/l

	NHL
	5.92
	0.2
	1.64
	2
	b - 0-49 mg/l

	NHL
	46.43
	0.22
	8.33
	1
	d - 100+ mg/l

	prostate
	2.33
	0.65
	1.3
	11
	b - 0-49 mg/l

	prostate
	8.67
	0.29
	2.4
	2
	d - 100+ mg/l

	skin
	8.52
	1.19
	3.65
	5
	b - 0-49 mg/l

	skin
	28.69
	0.09
	0
	0
	d - 100+ mg/l


Anttila et al..
 --  The Anttila study was an update and expansion of a 1980 study by Tola 
et al. This study (the “Finnish” study) was roughly twice the size of Axelson's
.  An "in press" version was made available to the IARC Working Group at the time of the latter’s deliberations and formed part of their assessment.  Like Axelson, Anttila studied workers who were monitored via U-TCA for exposure to three halogenated chemicals, one of which was TCE
.  208 cancers occurred in the TCE exposed group.  Stable excesses were seen for cervical cancer, an excess that increased with exposure.  There was also a stable six-fold excess in liver cancer, a stable three-fold excess for cancers of the blood system, a stable three fold excess for stomach cancer, and a stable three-fold excess for prostate cancer, all in the high exposure groups, and all after latency was taken into account. 

The Anttila study investigated associations between TCE exposure and cancer incidence.  The mandatory reporting of urine measures and its analysis by a single government laboratory made the exposure misclassification less severe than the Axelson study.  However, as Anttila et al.. note, even here some misclassification was inevitable and would bias risk estimates downward if such risks existed.  The use of cancer incidence rather than mortality is also an advantage over the aircraft manufacturing studies, all of which are mortality studies.  

For a follow-up period of >20 years, Anttila notes that for the TCE –exposed cohort risks were 

significantly increased for overall cancer as well as for cancer of the stomach, liver, prostate, and lymphatic and hematopoietic tissues combined (Table 3).  The increase in the overall cancer incidence for the follow-up of >20 years was the same both in women and men and similar for the specific primary sites other than liver.  Anttila, p.  800.
There was also evidence of a dose-response relationship for cervical cancer and cancers of the blood system, although the latter was not as strong.  Interestingly, analysis of the same data for mortality did not show the same relationships, indicating that effects on cancer incidence may be obscured when mortality is the endpoint as it is in the aircraft manufacturing/maintenance studies.  Attempts to analyze the data for the PCE exposed cohort were hampered by the small numbers of exposed subjects.  The explanation that cervical cancer is a result of confounding by low socioeconomic status is not supported by the Anttila study, since there is a relationship of cervical cancer with measured U-TCA levels.
Anttila’s conclusion was that the study provides “support to the hypothesis that trichloroethylene and other halogenated hydrocarbons are carcinogenic for the liver and lymphohematopoietic tissues [blood cancers], especially non-Hodgkin’s lymphoma.  The results also suggest that exposure to these solvents may increase the risk of pancreatic cancer…[and] cancers of the stomach, cervix uteri, prostate, and nervous system … .”
(3)
Epidemiological studies of drycleaning workers
The non-aqueous cleaning of clothes (“drycleaning”) is performed with organic solvents and detergents.  Since the 1930s, the three most common solvents have been petroleum solvents, TCE, and PCE, with PCE being the predominant agent since the 1960s.
  Unlike many industrial uses of organic solvents, where several solvents may be used simultaneously, drycleaning workers were usually exposed to one or at most two solvents, either PCE only, TCE only (in earlier years in the US and in Europe and Japan) or petroleum solvents and PCE.  Drycleaning workers have thus attracted interest as a way to understand the effects of these solvents.  A number of studies of drycleaning workers have been performed, and updates of earlier studies have appeared.  I review primarily the latest of the studies in the case of follow-ups.

In the 1970s Blair et al.. began to study a union of drycleaning workers from Missouri.  Their latest paper on this cohort appeared in 1990 (Blair et al..)
  In this study data from union records on 5365 members enrolled before 1978 and employed for one year or more were abstracted for sex, age, race, job title at time of entry, and most recent firm of employment.  Their vital status (alive or dead) as of the end of 1978 was determined, with a fairly large 12% loss to follow-up (i.e.,, only 88% of the cohort could be successfully traced).  In addition, 425 workers were excluded because there was not sufficient information to trace their vital status.  As a general rule, losses to follow-up and incomplete information tend to lower observed risks of death.  Mean duration of follow-up was only about 20 years for each race/sex group, which, again, as a general rule is fairly short to establish risk of death from a solid tumor.

Selection bias in terms of an evident healthy worker effect for all causes of death was evident (SMR = .9), but interestingly, risk of death from cancer was increased (SMR = 1.2).  Significant increases were seen for esophageal and cervical cancer, and statistically unstable increases were seen for several other sites, including non-Hodgkin’s Lymphoma (NHL) and Hodgkin’s Disease.  Risk of death from kidney cancer was not increased, which was not unexpected given the relatively short latency and use of mortality as an endpoint.  Risk of death from lymphoma and other blood cancers was highest in the group with highest estimated levels of exposure to dry cleaning solvents, with a dose response trend that was statistically significant (all race/sex groups combined: SMR = 4.0, rate ratio comparing high to low exposure = 3.7).  The authors comment that the increase in lymphomas but not leukemia seen in their study contrasts with the increase in leukemias reported by others.  There was no control for confounding in this study, although it is unlikely confounding alone could produce such a large risk, although it could lower an even higher one.

Given the significant limitations of this study that would tend to lower risks (use of mortality instead of incidence, likely exposure misclassification according to the authors, and incomplete follow-up, relatively short-term follow-up, and significant exclusions), the increases in lymphoma risk are fairly impressive.

In 1994, Ruder, et al.
 published an update to Brown and Kaplan’s 1985 study of drycleaning workers.  The Ruder study was a follow-up study of 1701 union members in four states employed for at least a year before 1960 on premises where PCE and no carbon tetrachloride was used.  The means for ascertainment given in the Brown and Kaplan study seemed appropriate.  Two sub-cohorts were established, one consisting of workers in premises where PCE only was known to be used, another “PCE-plus” cohort, consisting of workers in premises where PCE and other solvents were used.  The authors found an excess of all cancer deaths, and specific excesses in esophageal, bladder, cervical and kidney cancer.  

More specifically, kidney cancer was increased for the entire cohort (SMR = 1.46, C.I.  .4 – 3.74), with the increase concentrated in women (SMR = 2.41, C.I.  .5 – 7.03).  There was no increase for men (SMR = .67, C.I.  .02 – 3.73).  There was no apparent pattern of increase with latency or duration or their combination.  The numbers in each of these sub-categories is small, with consequent instability of the estimates (the same is true of the aggregated categories, as evidenced by the width of the confidence intervals).  The SMR for the PCE-only cohort was 1.16 (.03, 6.45) and for the PCE-plus cohort 1.6 (.33, 4.68).  The use of mortality as an endpoint is problematic for kidney cancer, as this disease can be successfully treated with nephrectomy (removal of the kidney).  In addition, the usual selection problems of healthy worker effect and exposure misclassification may have biased results lower, thus underestimating the risk.  There are thus sound scientific reasons to believe the risks for kidney cancer might be higher than indicated here.  The only increases for the blood cancers were for NHL for men in the whole cohort (SMR = 2.12, C.I.  .26 – 7.65).  

 (4)
The German kidney cancer epidemiological studies
For several decades investigators in Germany have been studying the cancer effects of TCE, PCE and their metabolites, both in the laboratory and in epidemiological studies.  

Henschler had been studying TCE since 1977.  The epidemiology of kidney cancer began in 1995 with a study by Henschler and his colleagues.  

Henschler, et al.
 – In 1995 Henschler performed a retrospective cohort study of cardboard factory workers: 169 workers who had been exposed to TCE and 190 unexposed workers (classified on the basis of job title) over an average period of 34 years.  By all accounts, exposures to TCE (the predominant solvent used, with little exposure to other agents) were very heavy, but no air monitoring data were available.  Controls were matched for age, physical activity (no office workers were used as controls), and information on weight, height, blood pressure, use of diuretics, smoking habits, and alcoholic beverages recorded.  Individuals were traced in both groups for determination of cause of death or appearance of kidney cancer.  Comparisons were made by appropriate statistical methods.  In addition, separate comparisons were made with the German and Danish cancer registries.
In addition to the five kidney cancers originally observed, and presumably the impetus for the study, two additional tumors were found as a result of the study and follow-up.  All seven of these tumors were in the exposed group, none in the unexposed group.  External comparisons (cancer registry) produced SIRs (standardized incidence ratios) of 10 or above (a ten-fold increase in risk).  The internal comparison (with the factory unexposed group) showed increased risks of five- to seven-fold.  All results were statistically stable.
Compared to other studies that had presented results on TCE exposure and kidney cancer to this point, the Henschler study was unusually strong for the following reasons: (1) the long latency of 34 years allowed enough time for the cancer to develop; (2) exposures were heavy, thus increasing the chance of seeing an effect in a small population of workers; (3) there was little in the way of other exposures to confuse the picture; (4) known confounders for kidney cancer were taken into account; (5) there was biological plausibility and a demonstrated mechanism available for this particular tissue, reviewed by the authors at the end of their paper.

On the other hand, some scientists perceive a weakness in the study, in that its origin was apparently the detection of a “cluster” of cases among TCE exposed workers in the factory.  Thus epidemiologic confirmation in this study was seen by some to be just a repetition of this same observation.
  

As a consequence of this criticism (which was rebutted by the authors), a series of follow-up investigations, using different designs and different patients. Each study was designed either to confirm or disconfirm the initial findings.  The results have been striking and startling.  In particular, a relationship has been found between TCE exposure and a particular “cancer gene” (a tumor suppressor gene), mutations of which were previously known to be characteristic of kidney cancer.  I briefly review this set of important studies.
In 1998, Vamvakas et al.
 published an important case-control study of kidney cancer in Germany.  None of the cases recorded in the original Henschler study were used.  Thus the Vamvakas study provides independent confirmation of the results of the original Henschler study.  All cases of kidney cancer seen at a large hospital urology department were eligible for the study.  Of 73 such cases, 11 could not be contacted and 4 had died, with no occupational history obtainable.  This left 58 cases, each of which was reviewed histologically by a specialist in kidney pathology, who confirmed that each cancer was cancer of the kidney proper (excluding renal pelvis).  The region where the hospital is located is heavily industrialized, with many small premises involved in metal work or electrical device manufacture, and solvents like PCE and TCE were often used.  A set of 84 controls were enrolled from accident victims who had been seen at three local hospitals, all within a radius of 20 km of both each other and the study hospital, so as to be from the same geographic area as the cases.  

Occupational, medical and personal histories were taken from cases and controls (or from relatives or former colleagues in the case of deceased cases), and demographic information as well as occupational exposure to TCE, PCE, cadmium, lead, nickel, chromium, gasoline, benzene, asbestos, pesticides and PCBs were recorded, along with information about body mass index, blood pressure, smoking habits, alcohol consumption, use of diuretics and history of kidney disease and family history of kidney disease and cancer.  Comparisons between the two groups for occupational exposure to TCE and PCE were made and analyzed using appropriate statistical methods (multivariate logistic regression) and Mantel-Haenszel methods for combining stratified tables.

Cases and controls were similar in body mass index and smoking history (combining current and former smokers) as well as all other factors except for blood pressure and diuretic use.  Because hypertension and diuretic use are associated with having kidney disease (not causing it), this was an expected and not relevant difference.  TCE and PCE exposures were combined into one variable “because of their identical toxicological mechanisms…” (p.  380).  Controlling for confounders, logistic regression resulted in an OR of 10.80 (3.36, 34.75) for exposure to TCE and PCE.  When stratified by exposure intensity the results were stronger: low-level, OR 6.61 (.5, 85.76), medium level OR 11.92 (2.55, 55.6), high level 11.42 (1.96, 66.79).  When stratified by age and analyzed by Mantel-Haenszel methods, the estimate of the OR was 8.96 (2.9, 27.75).
This study shows a strong association between exposure to TCE and kidney cancer, confirming earlier independent data.  There is a potential for information bias in this study, and the usual problem of exposure misclassification.  The two biases would likely work in opposite directions, i.e., they tend to cancel out each other.  The relatively large case size, good control of confounding, and careful confirmation of diagnosis make this study of particular importance.

These studies take on added significance when seen in the context of the emerging data about the molecular epidemiology of kidney cancer and individual susceptibilities.  Bruning 
et al. examined 45 kidney cancer patients from a group with long-term occupational exposure to TCE only, and compared them to exposed workers who did not develop kidney cancer.  In particular the authors were looking for genetic variations in two specific enzymes important in detoxifying TCE, and in the process converting it to a form thought to be either the cause of or a contributing factor in producing kidney cancer.  It was hypothesized that individuals with greater ability to perform this transformation would be at higher risk, and indeed, individuals without this ability (GSTT1 null and GSTM1 null phenotypes) were under represented among the cancer cases compared to the non-cases.

Of even more interest was the discovery, also by Bruning and coworkers
.  that a genetic marker of common kidney cancer is also present in abnormal prevalence among TCE exposed workers with kidney cancer.  The gene, a tumor suppressor gene called the von Hippel-Lindau (VHL) gene, is mutated in about 30-50% of common kidney cancer cases.  An examination of 23 kidney cancer patients with TCE exposure, however, found mutations in the VHL gene in 100% of the patients.  Follow-up work confirmed this result.  Thus Brauch 
et al. have now shown that 44 patients with kidney cancer and known industrial exposure to TCE had a much higher frequency of VHL gene mutation, singly and multiply, than 107 kidney cancer patients who had not been exposed to TCE.  In this series 75% of the TCE exposed workers had VHL mutations compared to 58% of the non-exposed workers, but of more interest was the presence of a specific mutation at nucleotide 454 that was present in 29% of the exposed workers but none of the 107 unexposed workers.
  

This is a very striking and important finding, representing, according to the authors, “the first molecular evidence for a relationship between exposure to a defined carcinogen, gene damage, and kidney cancer.” (p.  859).  There was also an evident dose-response relationship between degree of exposure and codon 454 mutation and number of mutations in the VHL gene (table 4 of paper).
5. 
Environmental epidemiological studies of blood cancer caused by TCE and PCE in drinking water
The Lagakos et al. study (“The Harvard Study”)
Non-occupational studies have also revealed cancer risks in TCE and PCE exposed populations.  One of the most well-known is the study from the Harvard School of Public Health of the Woburn
 leukemia cluster by Lagakos, et al. (1986), linking access to TCE and PCE contaminated well-water to increased risk of childhood leukemia.  The Woburn cluster is the subject of the famous “Civil Action” case that was the featured in the book Civil Action  by Jonathan Harr and the movie of the same title with John Travolta.  

The design was case-control (not, as sometimes erroneously reported, ecologic).  This study has engendered much discussion,
 but the results are entirely consistent with both animal studies and other epidemiological work, as noted.  With respect to the supposed criticisms in the literature concerning this study, some clarification is in order.  The Harvard-Lagakos study appeared in the Journal of the American Statistical Association (JASA), a highly regarded specialty journal. It was followed by several critical comments by various scientists, with a rebuttal by the authors.  The existence of these criticisms (but not the rebuttal) has been used by some to argue that this paper is unusually controversial and unreliable.  On the contrary, the authors first presented the paper at the American Statistical Association’s annual meeting and took the unusual step of first circulating the paper to colleagues and inviting  criticism at that same meeting, with eventual simultaneous publication of the critiques and the paper.  Rather than evidence of unreliability, then, this is evidence of unusual scientific probity and candor.
One of the authors, Marvin Zelen, former Chair of the Department of Biostatistics at the Harvard School of Public Health and now Director of Biostatistics at the famed Dana Farber Cancer Center at Harvard, has persuasively addressed the issues raised by the critiques of his study.  I have evaluated the claims and counterclaims of bias in the study and find his defense convincing.  In particular, the question of regional confounding is also well discussed in the paper.  There is no evidence that such confounding was acting here, and there is good evidence that it was not (Tables 8 and 9 and text associated with them).  

The criticism that the Woburn study as a data-driven “cluster investigation” is also incorrect.  Clusters of cases can sometimes arise purely by chance, and when this is so no matter how sophisticated the methods, all one achieves is verification of the starting point, that a cluster exists.  However this is not what was done in the Woburn study.  True, a cluster of cases had already been revealed in east Woburn, so any verification that there were more cases there would be redundant and not especially informative.  But the Woburn study involved testing a true a priori hypothesis (which could easily have been false), that cumulative exposure to contaminated water was higher in the leukemia cases then a matched risk set of Woburn residents.  The exposure was not to east Woburn but to contaminated well water.   Thus no rates were compared between the census tracts.  The study population was all of Woburn, not just east Woburn.
As for the role of chance, it is generally acknowledged that one of the strengths of the study was the innovative use of new statistical techniques (Cox Proportional Hazards Modeling in a case-control study).  It has been asked if ignoring interactions might have resulted in some bias.  Since the authors of the Woburn study were only interested in the existence or not of an association, and interaction effects would only diminish such an association if present, this is not a serious issue.  The question of confounding is addressed on page 587 of the paper where none of the risk factors were found to be correlated with wells G/H exposure.  As regards the so-called “multiple comparison” problem, it should be noted that there was an a priori hypothesis for water exposure and leukemia.

The case for "real effect" in this paper is complemented by the other information available about TCE and PCE, which is being discussed here.

The Massachusetts Department of Public Health follow-up study
An important follow-up to this paper was performed by the Massachusetts Department of Public Health (MDPH).
  The MDPH study was a matched case-control design study with two controls per case.  Children 19 years old or younger who had been diagnosed with leukemia between 1969 and 1989 while living in Woburn comprised the case group, while the control group was randomly selected from Woburn school records and matched for date of birth, sex and race.  Twenty-one (21) cases and 42 controls met the definitions used.  Investigators recorded residential history, occupational information of parents, and medical histories on cases and controls for the appropriate time periods (from two months before conception to the date of diagnosis).  For the purpose of analysis the time periods were divided into the two years before conception to conception, during pregnancy, and from birth to diagnosis.  A refined computerized water distribution model
 was used to estimate exposure in a more precise geographic and temporal resolution.  It estimated the proportion of water from wells G and H to reach households on monthly intervals.  The model was calibrated and validated.

Odds ratios (ORs) were calculated after controlling for socioeconomic status, maternal smoking during pregnancy, maternal age at birth of the child, and maternal alcohol consumption during pregnancy.  Adjusted ORs for the effect of water from the contaminated wells (wells G and H) were overall OR = 2.39 (.54, 10.59), and for the sub-periods: 2-years prior to conception, OR = 2.61 (.47, 14.37); during pregnancy OR = 8.33 (.73, 94.67); birth to diagnosis, OR = 1.18 (.28, 5.05).  The wide confidence intervals are the result of the relatively small sample sizes (obviously new cases of leukemia could not be created).  There was a statistically significant dose-response trend for exposures during pregnancy (using a trichotomous exposure metric of Never, Least, Most, the latter categories obtained with a median cutpoint from the water model results).

The MDPH investigators concluded that “the risk of developing childhood leukemia was greater for a child whose mother drank water from contaminated wells while pregnant with the child.” However risks were also elevated for the preconception period and the period after birth, although these results were not included in the MDPH conclusion.  Of special interest is the fact that one of Hill’s considerations, that of “The Experiment” was (unusually) fulfilled in this instance.  That consideration noted that a valuable indication of causality would be if some intervention that halted exposure caused the disease to disappear.  In Woburn, only one additional case of childhood leukemia has developed in a person who could not have been exposed to contaminated wells G and H water in the period since the wells were shut down (and hence exposure ceased; the wells shut down in 1979, and cases continued to occur until 1987 and then suddenly stopped; this lag is the latency period for blood cancers).  This is a dramatic, if unplanned, confirmation of both the original Harvard-Lagakos study and the MDPH follow-up.
We note, in passing, that the relationship between parental occupational and home exposures had previously been studied by a number of investigators, notably Lowengart, et al.
  This was a matched case-control study of specific exposures of both parents from one year before conception until the diagnosis of leukemia in the child.  A variety of other suspected risk factors were included.  In concept this study is similar to the MDPH study just considered.  Cases were identified through the population-based cancer registry in Los Angeles County, which covers the same area as the Boice study.  Cases of acute leukemia (ALL and AML combined) 10 years of age or less (as compared to the 19 years or less in the MDPH study) were compared to friends of the cases, i.e., individuals of the same age, or if none were suitable or available, a control individual selected from the area by random-digit dial.  There were 159 (79%) of eligible cases and 130 age, sex, race and Hispanic origin matched controls.  Structured interviews were conducted for occupational exposures of the parents and relevant risk factors and time periods of exposure.  There was no attempt to confirm the exposures.

There were elevated ORs for parents who worked in the Transportation Manufacturing industry, most of whom worked in aircraft manufacturing.  This would have included Lockheed’s Burbank facility (OR = 2.5, p = .03; OR =  1.8 for aircraft manufacturing, p = .12).  The OR for childhood leukemia and chlorinated solvent exposure (noted as TCE, PCE and carbon tetrachloride) was 3.5 (1.1, 14.6), and for specific solvents was OR = 2.7 (.64, 15.6) for TCE exposure after birth, OR = 2.0 (p = .16) for TCE exposure during pregnancy, and OR = 2.0 for TCE exposure in the year before pregnancy (p = .16).  For PCE exposure only one case and no matched controls were exposed, so no ORs could be calculated (they would be undetermined, or, as indicated in the paper, “infinite”).

This study found the same risk factors for ALL and AML, showing that for etiologic purposes, there was no distinction in the leukemia types.

The authors point out that the lack of a general tendency toward elevated ORs among those with chemical exposure (as opposed to specific exposures) argues against recall bias being a significant factor in the results.  Taking information bias into account also did not change the risks.  Confounding was reduced by the matching.  On the other hand, misclassification of exposure, likely in this case, would have tended to bias the risks downward, thus underestimating them.  In summary, this study, like other similar studies of occupation and risk of childhood cancer, and the MDPH  study in particular, showed a substantial increased risk for leukemia in offspring of parents exposed to chlorinated solvents at work (given as TCE, PCE and carbon tetrachloride).  This increase was not readily explainable on the basis of selection bias, information bias or confounding.  This was a well-done study by established investigators.

Upper Cape studies of PCE in drinking water
For nearly two decades my Boston University colleagues and I have been studying an unusual exposure to PCE in drinking water in the Upper Cape region of Massachusetts.   These epidemiological studies of cancer and PCE began almost twenty years before my involvement in this litigation, and the results have been reported in two different highly reputable peer review journals.
  In 1993 we published an article in Archives of Environmental Health (Aschengrau et al.) which showed a marked increase risk of leukemia in people exposed to the highest levels of PCE in drinking water (leukemia OR = 8.3 [1.5 - 45.3]).  There were essentially no other contaminants in the water.  Increased risks were also seen for bladder cancer, but not for kidney cancer.  As my BU colleagues and I noted in our 1993 article, however, the relatively short period between first exposure and ascertainment of diagnosis (maximum of 14 years) is insufficient time to allow development of a solid tumor like kidney cancer.  Blood cancers like leukemia have much shorter latencies and can be seen earlier than solid tumors.

This was a population-based case-control study, with careful confounder control and the use of a mathematical model to estimate exposure to individuals (exposure assignments were done blind to case status).  Significantly, although the number of cases was relatively small, the demonstrated effect was relatively strong.

The ecologic designs in New Jersey
Fagliano et al.
 and Cohn et al.
 have investigated New Jersey towns with organic chemical contamination, especially involving TCE, and found higher leukemia and lymphoma (i.e.,, blood cancer) rates for women in those areas.  The Cohn study is a follow-up and expansion of the Fagliano et al. study, so I will confine my remarks to this study.  Seventy-five (75) New Jersey towns were compared for TCE contamination and the incidence of leukemia and lymphoma, with data  obtained from the New Jersey Cancer Registry.  Stable excesses in lymphoma among women were seen,
 and stable excesses for total leukemia in women, acute lymphatic leukemia of childhood in girls, chronic myelogenous leukemia in women, and chronic lymphocytic leukemia in men and women were seen when comparing towns with the highest TCE contamination to those without detectable TCE contamination.  

One of the criticisms of this study made by the Lockheed’s experts in the Abel case is that it uses an ecologic design and is therefore useful only for “hypothesis- generating” and not “hypothesis testing” purposes (the same has been said of the proportional mortality studies of drycleaners, not reviewed above).  I find this line of argumentation difficult to understand, much less to credit.  If a study contains sufficient information to point other investigators in the direction of undertaking studies (“hypothesis-generation”) it also has sufficient information to see if it is consistent with other results (“hypothesis confirmation”).  If it is claimed that such designs are unreliable because they contain no or misleading information about the studied relationship, then they are suitable for neither purpose.

The basic design shared by both the Cohn et al. and Fagliano et al. studies involves use of some population measure of exposure, together with individual outcome data.  The exposure measure is a weighted average of measured water supply values for TCE and other contaminants, which common value is then assigned to all subjects in the township.  The outcomes are cancer incidence rates for the blood cancers in each township.  The question investigated was whether there was a relationship between the level of contamination in the township’s water supply and the rate of blood cancers in the township’s population.

This is not unlike a cohort study, such as the Lockheed-Boice study, where a common occupational exposure is used for a job title.  Unraveling the various claims and counterclaims of such study designs is highly technical and depends upon specifics of each study.  Across-the-board statements about the reliability and types of bias of this kind of design are inappropriate and misleading.  

Specifically, there are two ways to look at this problem, either as an individual level study with mismeasured exposure, or as a “semi-individual” level design
 with aggregated exposure measure.  Depending upon the error model
 one uses, there are different implications, and, as there are for particular error structures for any model (relationship between the covariance of the individual exposures compared to the between group variance of the aggregated exposures)
.  The technical question is delicate and complex, but it is certainly not properly treated by rejecting semi-individual designs out of hand
.  

In the case of the Cohn et al. and Fagliano et al. studies we find there is indeed a relationship (statistically stable) between population rates of blood cancers and contamination of the water supply with TCE.  Because of the difficult technical questions involved, this result, standing alone, would be less interpretable than it is in the context of corroborating studies (such as the Upper Cape and Woburn studies of blood cancer and environmental exposure through drinking water, appearance of blood cancers in the animal bioassays, blood cancers in the dry cleaner studies, IARC recognition of blood cancer as related to both TCE and PCE in epidemiological studies).  It thus plays a relatively ancillary, but still contributing, role in my conclusion that drinking water contaminated with TCE and PCE is related to blood cancers.

My overall evaluation of the weight-of-the-evidence with respect to blood cancers and kidney cancer and TCE and PCE exposures
In my systematic review and evaluation of the epidemiological literature on TCE and PCE I have concentrated on both the most significant and the most recent studies.  This is not to say that other, earlier studies played no part in my conclusions, but that in many cases the newer studies superseded them or added important information that I wished to highlight.  

 (a) 
Aircraft studies.  Among the studies advanced most forcefully by Lockheed are those of aircraft manufacturing workers (Spirtas/Blair, Morgan, Garabrant, and the Lockheed-Boice study).  Although some of these studies have large populations under observation, they have inherent limitations that make them less informative than other studies.  In particular, four limitations common to these studies concern me:

1.  Strong evidence of selection bias that reduces the observed risks of all diseases;

2.  Use of mortality as an endpoint, which also reduces observed risks compared to incidence data;

3.  Lack of confounder control for most confounders other than age, sex and race;

4.  Exposure misclassification that biases risks toward showing no risk.
The use of these studies by Lockheed to advance the notion that TCE and PCE have no effect is outside accepted epidemiological practice.  One of the clearest statements in this regard is found in the preamble to the IARC Monographs:

“Such a judgment [lack of carcinogenicity] requires first of all that the studies giving rise to it met, to a sufficient degree, the standards of design and analysis [previously described].  Specifically, the possibility that bias, confounding or misclassification of exposure or outcome could explain the observed results should be considered and excluded with reasonable certainty.” [My emphasis; IARC Monograph 63, p.  16].
The severe limitations notwithstanding, several of the studies did reveal increased risk of kidney cancer and lymphomas.  The increased risks are usually substantial (above 2.0) although often imprecise.
 (b)  Studies of workers with biological monitoring for exposure to TCE and PCE.  
The two Scandinavian studies of biomonitored workers use incidence rather than mortality, a distinct improvement over the aircraft studies.  In general, these studies also provide better exposure assessment than the aircraft worker studies, although the Swedish (Axelson study) provides too little information on the handling and timing of the samples to allow much confidence in the accuracy of the classification and could therefore be expected to bias any actual risks towards an observation of no effect.  Despite this, the Swedish study shows increased risks and evidence of a dose-response for lymphomas and for all cancers combined.  The risks are substantial (SIRs above 2.0 for NHL).
The Anttila (Finnish) study had better exposure assessment (although again we would expect some downward biasing misclassification).  The study is also larger than the Axelson study.  There is a dose-response visible for blood cancers, with risks that are above 2.0 for TCE exposed workers and increased risks for kidney cancer and blood cancers for PCE exposed workers (again risks are above 2.0 for NHL).  Anttila’s conclusion was that the study provides “support to the hypothesis that trichloroethylene and other halogenated hydrocarbons are carcinogenic for the liver and lymphohematopoietic tissues [blood cancers], especially non-Hodgkin’s lymphoma [NHL].”
These studies are of cancer incidence rather than mortality, and they are based on more complete and accurate exposure assessments than the aircraft studies.  As with the aircraft studies, the only confounder control was for age and sex, but it is unlikely positive confounding could have increased the observed risks to the extent present in these studies.  Imprecision of the risk estimates remains, but on balance, the results are much more informative than those from the aircraft manufacturing studies.

 (c) 
Dry cleaner studies.  The dry cleaner cohorts have the advantage of a relatively isolated exposure (mostly PCE), but the disadvantage that there was no confounder control and mortality was the endpoint.  In the Blair et al. study there is also likely some substantial exposure misclassification, incomplete follow-up and short average latency, all factors that would bias the results towards observation of no effect.  Again, even in the face of such factors that would reduce observed risk, risk of death from lymphoma and other blood cancers was highest in the group with highest estimated levels of exposure to dry cleaning solvents, with a dose response trend that was statistically significant (all race/sex groups combined: SMR = 4.0, rate ratio comparing high to low exposure = 3.7).  

In the Ruder et al. follow-up, kidney cancer was increased for the entire cohort (SMR = 1.46, C.I.  .4 – 3.74), with the increase concentrated in women (SMR = 2.41, C.I.  .5 – 7.03).  As already noted above, the use of mortality as an endpoint is problematic for kidney cancer, as this disease can be successfully treated with nephrectomy (removal of the kidney).  In addition, the usual selection problems of Healthy Worker Effect (HWE) and exposure misclassification may have biased results lower, thus underestimating the risk.  There is thus reason to believe the risks for kidney cancer might be higher than indicated here.  The only increases for the blood cancers were for NHL for men in the whole cohort (SMR = 2.12, C.I.  .26 – 7.65).

We have here a picture again of studies with significant limitations that might preclude observation of increased risk nevertheless showing risks for both blood cancers and kidney cancers, in each case above 2.0.  I have therefore given these studies more weight than the aircraft manufacturing studies.
 (d) 
The German kidney cancer studies.  These studies rank high in my conclusion that TCE and PCE are causal factors in kidney cancer because of the strength and specificity of the effect, the good confounder control and careful confirmation of diagnosis, and the unique foundation and connection with the toxicology of TCE and PCE and molecular biology and epidemiology.  The demonstration of a specific mutation at codon 424 of the von Hippel Lindau tumor suppressor gene, a gene associated in the literature with common kidney cancer, is a very compelling result.

Repeating my comments from above, compared to other studies that had presented results on TCE exposure and kidney cancer to this point, this was an unusually strong study for the following reasons: 

(1) 
the long latency of 34 years allowed enough time for the cancer to develop; 

(2) 
exposures were heavy, thus increasing the chance of seeing an effect in a small population of workers; 

(3) 
there was little in the way of other exposures to confuse the picture;

(4) known confounders for kidney cancer were taken into account; 

(5) there was both biological plausibility and a demonstrated mechanism available for this particular tissue.
This work is part of a long series of careful papers from this very experienced group, whose interest in the toxicology and epidemiology of TCE and PCE goes back to the 1970s.  Odds ratios were strikingly high (above 10.0) and show a dose-response.  The work confirms other results on kidney cancer in a most convincing manner and these papers are important in my evaluation.
(d) 
Environmental studies of drinking water.  The environmental studies (Woburn, Upper Cape, New Jersey) are important in my evaluation for several reasons.  The settings, population and exposures (compared to the occupational settings) are most like the ones in Burbank; TCE and PCE are the main and sometimes only agents involved; this is the area of my own research work for the last several decades, which predated this lawsuit against Lockheed by close to twenty years; I am personally acquainted with all the researchers involved in these studies, none of whom (except for myself) are involved in this litigation, or as far as I know, any litigation.  I know them to be careful, thoughtful, and competent investigators, and I know that many other scientists likewise regard them as scrupulously hardworking, careful, and honest researchers and thinkers.
The Harvard Woburn study (Lagakos et al.) was a path breaking effort that revealed an association between water contaminated with TCE and PCE and risk of childhood leukemia in a community environment.  I have discussed my evaluation of the criticisms of this study and its context above.  It is important to note that its results have been confirmed in two important ways: through a follow-up study by the Massachusetts Department of Public Health, and by the almost complete disappearance of childhood leukemia in the Woburn community after the opportunity for exposure to the contaminated water was removed.
The results of our Upper Cape study of PCE exposure in drinking water confirm these results as well.  Clearly my own work and experience in this area plays a major part in my evaluation.  My Boston University colleagues and I have published five peer-reviewed articles (and one peer-reviewed official paper) on TCE and PCE in the scientific literature, work that predated my work on this case.  Indeed my reasons for being in this case are because of my actual research work and experience.  My previous work and experience are not a result of my participation in litigation (the Upper Cape studies are supported by the Commonwealth of Massachusetts and the National Institutes of Health [NIH] and are unconnected in any way with the Lockheed case or any other litigation).
The New Jersey studies are also significant in the following sense.  They illustrate that what one would expect to be true -- that rates of blood cancer are higher in townships with water contaminated with TCE and PCE – is indeed true.  It is by no means obvious, for technical reasons, that we would be able see this effect, but we do.

Basis for considering the blood cancers together for evaluation of etiology
In making my overall evaluation I have also considered the evidence for any particular blood cancer (the leukemias, multiple myeloma, the lymphomas, myelodysplastic syndrome) as relevant to all the other blood cancers.  Although the results for blood cancers and lymphomas cited above stand on their own, it is important to understand how the various blood cancers are related to each other.  

By considering the evidence for cancers of the blood system together, I have followed the epidemiologic practice of placing them under the common heading of diseases of the lymphohematopoietic system.  My argument for considering the lymphohematopoietic diseases together derives from the common origin of all the cells of this system, i.e., from a common progenitor cell, the hematopoietic stem cell.  The stem cells give rise to other cells, some of which go on to become myeloid cells in the blood (the cells involved in non-lymphatic leukemias), although others become lymphatic cells (the cells of lymphatic leukemias and lymphomas)
.  The cancers of the immune system are lymphatic leukemia, non-Hodgkin's lymphoma and multiple myeloma.  Weisenburger presents the essence of the argument clearly: 

Pluripotent stem cells in the bone marrow give rise to [other cells which] migrate via the blood to the peripheral lymphoid organs (lymph nodes, spleen, thymus) where they differentiate into mature, functional cells of the immune system.  Cancers of the immune system, i.e.,, NHL [lymphoma] or lymphoid leukemia, arise when genetic events occur within immature lymphoid cells in the bone marrow or more mature cells in the peripheral organs [references cited here in the original].  These events result in [genetic changes] and cause the cells to become malignant, proliferate in an uncontrolled manner, and spread to other sites.  The causes of the cytogenetic events which result in lymphoid neoplasia are largely unknown, some being random events and others due to environmental genotoxins such as organic chemicals or ionizing radiation.  Lymphoid malignancies of the bone marrow and peripheral blood are called leukemia, either acute or chronic, whereas those arising in the peripheral organs are called NHL.  As such, the distinction between lymphoid leukemia and NHL is largely distributional with overlapping entities, such that a particular lymphoid neoplasm may manifest both lymphomatous and leukemic features during the course of the disease.  For example, lymphoid leukemias can sometimes spread to the peripheral lymphoid organs and present clinically like NHL, and the cells of NHL sometimes spread to the blood and manifest as leukemia.  The tissue correlate of chronic lymphocytic leukemia is small lymphocytic NHL, and that of acute lymphoblastic leukemia is lymphoblastic NHL.


Dr. Weisenburger’s analysis provides the biological rationale for the epidemiologic practice of considering the lymphatic leukemias, lymphomas, and multiple myeloma together.  The argument connecting the myeloid cancers (non-lymphatic leukemias) is based on similar evidence and reasoning.  Common progenitor cells can give rise to both lymphoid and myeloid cells.  Moreover it is not uncommon for a chronic myelogenous (non-lymphatic) leukemia to transform during a "blast crisis" to an acute lymphoblastic form, i.e.,, to become an acute lymphatic leukemia.
  The reverse transformation is also possible.
  Epidemiological evidence about the etiology of any one of the lymphohematopoietic cancers is thus relevant to the other lymphohematopoietic cancers, justifying the practice of considering the lymphohematopoietic cancers together for etiologic purposes.
This practice is by no means peculiar to me.  Many papers in the literature, including many already cited, consider all the blood cancers under one heading.  An explicit statement of this view on the very subject of this case is provided by the epidemiologists for the State of New Jersey’s Department of Health in explaining why those epidemiologists undertook the study discussed above of blood cancer rates in New Jersey townships with contaminated water.  I cite the passage in full:
The hypotheses were: 1) that the incidence of leukemia is associated with expsoure to TCE and/or PCE; 2) that childhood leukemia, in particular, is associated with TCE and/or PCE; 3) that NHL is associated with TCE and/or PCE; and 4) that sex maybe an effct modifier.  Thse hypotheses were drawn from the previous findings in New Jersey and Woburn, Massachusetts, and upon the similar cellular origin of lymphoid cells in certain histologic groupings of NHL and leukemias.

IMPORTANCE AND METHODOLOGICAL SOUNDNESS OF USING EVIDENCE ABOUT THE CARCINOGENICITY OF ONE CHEMICAL, E.G., PCE TO MAKE JUDGEMENTS ABOUT  TO MAKE JUDGMENTS ABOUT THE CARCINOGENICITY OF ANOTHER CHEMICAL, E.G., TCE
My opinions do not rely on considering PCE and TCE as “the same,” but it is important to acknowledge that these two chemicals would be expected to act in a similar manner. Just as it is methodologically sound to use the epidemiological evidence regarding the etiology of one type of blood cancer to inform scientific judgments about the etiology of another type of blood cancer, so, too, it is methodologically sound to cross-compare evidence regarding two closely related chemicals, i.e., to use epidemiological evidence concerning the carcinogenicity of PCE with epidemiological evidence concerning the carcinogenicity of its sibling chemical, TCE.

TCE and PCE are very closely related chemicals. They differ only in a single atom on the entire molecule (PCE has a chlorine in place of a hydrogen). They both belong to a set of only seven chemicals, the chlorinated ethylenes, one of which is a universally accepted human carcinogen, vinyl chloride.The very close chemical similarity between TCE and PCE is a starting point but not determinative. Indeed it is known that one can change a single atom on a molecule and turn an animal carcinogen into a non-carcinogen.
 Thus closeness in chemical structure does not necessarily translate into closeness in biology. I am well aware of this, indeed have taught this to my students for years, and have taken it into account in my opinions.

There are, however, compelling reasons to consider PCE epidemiology relevant, applicable and informative with respect to the effects of TCE alone. I have discussed this in my initial Report, but I add here some additional explanation of its scientific basis to show the reasoning involved is generally accepted and applied. 

Closeness in chemical structure, while not conclusive, is germane from a methodological and reasoning point of view. This has been recognized for decades. In 1975 the  National Academy’s Report on Principles for Evaluating Chemicals in the Environment noted:

Many important decisions, at least about the sequence of testing, can be made without testing at all on the basis of analogies with other known chemicals. Structure activity relationships are reasonably well understood for some groups of chemicals and some toxic effects, less well known for others. However, many new industrial chemicals differ only trivially from other known materials and relatively few fall into genuinely unknown groups.

TCE and PCE both fall into the same chemical group, chlorinated ethylenes. Indeed it was noted above in the discussion of the MLA that they are both included in an even larger group of 102 chemicals thought to be similar from the standpoint of mutagenic potential.

The drug industry frequently uses closeness in chemical structure to produce a new drug with slightly different chemical structure but the same biological effect as one patented by a competitor. This industry has spawned a sophisticated basic science of “quantitative structure activity relationships” (QSAR). QSAR has now been developed to relate carcinogenic potential of a chemical to its structure, with the aim of avoiding more precise targeting and producing efficiency in animal testing. QSAR is considered to be highly effective in predicting carcinogenicity within chemical classes.
 In one of the widely used methods (the knowledge based approach) a computer “expert system” is given a learning set of chemicals with known carcinogenicity which it uses to identify chemical structural determinants of biological activity or inactivity. TCE and PCE share such structural determinants of carcinogenic activity.
All of the seven chlorinated ethylenes are close structural analogs and TCE and PCE have similar toxicology. Indeed they produce mostly the same metabolites, and it is thought these metabolites are the active agents in the carcinogenic process. TCE and PCE are frequently considered together with similar chemicals in discussions of organic solvents, in general, and specifically with respect to each other.
 

Both vinyl chloride and PCE have been easier to study epidemiologically than TCE. VC exposure occurs in a particular industry, the manufacture of polyvinyl chloride plastic, and exposure to VC monomer occurred in one phase of that manufacture. Thus it was an isolated exposure. Similarly, while PCE also occurs in mixed exposures when used as a degreaser, it is now the principal solvent in the drycleaning industry, and many workers, not otherwise exposed to solvents, have been exposed in this way to PCE. In addition, there is at least one very unusual community drinking water exposure where PCE is the only significant contaminant. This is work we have published over the last ten years which links PCE to cancer. By contrast, TCE is used mostly in a setting of multiple chemical exposures, usually other similar solvents, explaining why there is more PCE epidemiology to work with.
Finally, just as it is methodologically legitimate to use evidence about one chemical to make judgments about a closely related sibling chemical, it is also scientifically sound to believe that two chemicals can combine their effects to cause human cancer, i.e., to view human cancer as multifactorial in causation. The notion TCE or PCE can cause cancer only if one or other is  the sole cause of a tumor, rather than part of a multifactorial causation process, has no support in the scientific literature.  On the other hand, the multifactorial nature of cancer progression is well-accepted among scientists.
  The multifactorial argument is not merely a generality but has a concrete basis in current science and is the product of scientific analytical principles which are generally accepted. 
 

2.  Animal Studies 

The "gold standard" for identification of chemical carcinogens in humans is the chronic, long-term study of animals (often called a bioassay)
.  There are two reasons why animal studies are widely used in human health research, from cancer to Alzheimer's Disease to cystic fibrosis.   

a.  Animal studies are widely used in human health research because some animals – chiefly the ones studied – closely resemble humans in important respects    

The first reason animal studies are widely used in human health research is that certain test animals – mammals, in general, and, monkeys, dogs, and rodents (rats and mice), in particular – closely resemble humans in terms of their biochemistry, metabolism, and “organization chart” (heart, lungs, kidneys, central nervous systems, etc.)  As Dr.  David Rall, former Director of the National Institute of Environmental Health Sciences, explained:

Both theoretical consideration and experience indicate that it is possible to test in laboratory animals chemicals to which humans are or will be exposed and to use these test results to predict in general terms what is likely to occur in the human population.  Essential to this premise is the knowledge, derived from considerable basic research, that biological processes of molecular, cellular, tissue, and organ functions that control life are strikingly similar  from one mammalian species to another.  Processes such as sodium and potassium transport and ion regulation, energy metabolism, and DNA replication vary little in the aggregate as one moves along the phylogenetic ladder [i.e.,, from species to species].  The classic work on the transmission of neural impulses in the squid axon is directly relevant to humans.  Extensive renal function studies in fish, rodents, and dogs set the basis for our current understanding of renal function and the treatment of hypertension in humans.  Also, the processes of cell replication and development of cancer are analogous in all mammalian species.

Because of the close resemblance between humans and certain test animals, California, federal, and international agencies all rely on animal studies to establish carcinogenicity -- California regulatory agencies seem particularly accepting of the belief that causality in humans can be determined, and toxic substances should be  restricted, primarily and even exclusively on the basis of animal studies.  See, for example, 8 CCR § 337 (“Animal bioassay data is admissible and generally indicative of potential effects in humans”); 22 CCR § 12306 (Pursuant to the Safe Drinking Water and Toxic Enforcement Act of 1986, the Science Advisory Board: Carcinogen Identification Committee and Developmental and Reproductive Toxicant (DART) Identification Committee determined that 

“as causing cancer” means that either of  the following criteria has been satisfied


1) Sufficient evidence of carcinogenicity exists from studies in humans.  For purposes of this paragraph, "sufficient evidence" means studies in humans indicate that there is a causal relationship between the chemical and cancer.  [or]


2) Sufficient evidence of carcinogenicity exists from studies in experimental animals.  For purposes of this paragraph, "sufficient evidence" means studies in experimental animals indicate that there is an increased incidence of malignant tumors or combined malignant and benign tumors in multiple species or strains, in multiple experiments (e.g., with different routes of administration or using different dose levels), or, to an unusual degree, in a single experiment with regard to high incidence, site or type of tumor, or age at onset.”  (My italics).  8 CCR § 5127, App.  C (carcinogenicity of formaldehyde established primarily through animal studies); 8 CCR § 5220, App C (carcinogenicity of ethylene oxide (EtO) established primarily through animal studies).
These decisions, which have been the rule in California for many years, are based on a scientifically based appreciation of the legitimate value of animal testing.  This was expressed in the California Department of Health Sciences 1982 Science Statement, Carcinogen Identification Policy:  A Statement of Science as a Basis for Policy.  That Statement explained:

The validity of using animal bioassays to identify substances that pose cancer risks to humans rests upon both theoretical and empirical evidence.   On the theoretical side, cancer in humans is likely to be biologically similar to cancer in other mammals (see “Oncogenes”, page 11); and most carcinogens are believed to act on the same basic biological systems in all mammalian species.   Empirically, most substances that are carcinogenic in one animal species are also found to be carcinogenic in other animal species when adequately tested.  Further, almost all substances that are known to be carcinogenic in humans, for which animal data exist, are also carcinogenic in animals.   Thus, there is substantial scientific support for the assumption that a substance carcinogenic in animals will, with high probability, be carcinogenic in humans.

Federal regulatory agencies also rely on animal studies to establish carcinogenicity.  In light  of the similarity in response of living organisms to toxic substances, it is hardly surprising that federal agencies have views similar to their California counterparts and routinely rely upon animal studies in reaching conclusions about carcinogenicity and toxicity.  Thus animal studies are utilized by the Food and Drug Administration (FDA), the Environmental Protection Agency (EPA), the Consumer Product Safety Commission (CPSC), the Occupational Safety and Health Administration (OSHA), and other federal agencies with responsibilities of determining permissible exposure levels for the safe usage of prescription drugs and over-the-counter medicines, implanted medical devices, cosmetics, fungicides, rodenticides, insecticides, pesticides, and disinfectants, and other industrial, pharmaceutical, and household products.   P.  Chan & A.  Wallace Hayes, Principles and Methods for Acute Toxicity and Eye Irritancy, in Principles and Methods of Toxicology 169, 206-12 (A.W.  Hayes ed., 1989); A.T.  Mosberg & A.  W.  Hayes, Subchronic Toxicity Testing, in Hayes, Principles and Methods of Toxicology, supra at 221, 226-31.

Federal agencies have explained their reliance on animal tests to establish carcinogenicity in humans many times over the last twenty years.  For example:

All policies accept the use of animal data as predictive for human beings.   Explicitly or implicitly, all the policies acknowledge that substances shown to be carcinogenic in animals should be presumed to present a carcinogenic hazard to humans. (My italics. U.S.  Congress, Office of Technology Assessment, 1987   (Identifying and Regulating Carcinogens:  A Background Paper, Congress U.S., OTA, Nov.1987) ¶ 

An often-quoted statement on the value of animal data in assessing human risk is that of IARC.   Their principle is based on two points:  that a number of chemicals were first identified as animal carcinogens, and then evidence confirmed carcinogenicity in humans.  Second, all chemicals accepted as human carcinogens that have been adequately studied in animals are positive in a least one species.  IARC concluded:

 ‘Although this association cannot establish that all animal carcinogens also cause cancer in humans, nevertheless, in the absence of adequate data on humans, it is biologically plausible and prudent to regard agents for which there is sufficient evidence of carcinogenicity in experimental animals as if they presented a carcinogenic risk to humans.’ (IARC, 1987).”
National Research Council/National Academy of Science  (Drinking Water and Health, Safe Drinking Water Committee, NAS/NRC, National Academy Press, Washington, D.C.  1986):

Positive results in properly conducted animal bioassays are considered to be predictors of qualitative response in humans (IARC, 1980; NRC, 1977, 1983; NTP, 1984; OSTP, 1985; OTA, 1981).  The scientific rationale for this approach is simply that animals are the closest models to the human for cancer studies.   In addition, many carcinogens produce cancer in several species, and all known human carcinogens have been shown to produce tumors in at least one animal model (NTP, 1984).  Benzene and arsenic trioxide, the two former holdouts from this general rule, have now been shown to be carcinogenic in animals (Goldstein, et al.., 1982; Maltoni and Scarnato, 1979; Pershagen, et al.., 1984).  For some chemicals (e.g., aflatoxin B1, DES, vinyl chloride, mustard gas, melphalan, and 4-aminobiphenyl), the positive results in experimental animals preceded the epidemiological evidence.  The overall patterns of chemical metabolisms are generally similar in humans and laboratory animals (Rall, 1979), although the rates of metabolism and the type and site of cancer may differ (IRLG, 1979; OTA, 1981).  For example, the metabolism of B(a)P is qualitatively the same in all species and systems studied.  (Sims, 1976).”
Office of Technology Assessment, 1981 (Assessment of Technologies for Determining Cancer Risks from the Environment, Congress, U.S., OTA, June 1981):

“Chemicals cannot be tested for carcinogenicity in humans because of ethical considerations.  A substantial body of experimentally derived knowledge and the preponderance of expert opinion support the conclusion that testing of chemicals in laboratory animals provides reliable information about carcinogenicity.  Animal tests employ whole mammal systems, and although they differ one from another, all mammals, including humans, share many biological features (NRC, 1977).  ¶ Effects in animals, properly qualified, are applicable to man.  This premise underlies all of experimental biology and medicine, but because it is continually questioned with regard to human cancer, it is desirable to point out that cancer in men and animals is strikingly similar.   Virtually every form of human cancer has an experimental counterpart, and every form of multicellular organism is subject to cancer, including insects, fish, and plants.   Although there are differences in susceptibility between different animal species, and between individuals of the same strain, carcinogenic chemicals will affect most test species, and there are large bodies of experimental data that indicate that exposures that are carcinogenic to animals are likely to be carcinogenic to man, and vice versa.”)  (My italics).
Occupational Safety and Health Administration, 1980 (Identification, Classification and Regulation of Potential Occupational Carcinogens, Fed.  Reg.  45:5001-5296, 1980).  Based on detailed testimony from a wide range of recognized scientific authorities, and on an extensively documented record, OSHA concluded as follows: 

“The validity of qualitatively extrapolating animal test results to humans is firmly based upon substantial and empirical evidence in the Record, –.  Not only have experiments in test mammalian animals given positive carcinogenic test results for every compound known to cause cancer in humans, except arsenic and perhaps benzene, but although there may be wide variations in the susceptibility of various species to cancer, evidence indicates that a substance that causes cancer in one mammalian animal species is likely to do so in most other mammalian species tested.  Substantial evidence and scientific data in the Record indicate, in sum, that laboratory animals are suitable test models for determining the cancer-causing potential of a toxic substance to humans.”  ¶  “OSHA concludes that the general principle that substances shown to be carcinogenic in test animals should be presumed to pose a qualitative carcinogenic hazard to exposed humans was overwhelmingly supported, except as so qualified below (in relation to the adequacy of the carcinogenicity test); indeed, the specific scientific documentation for the principle is steadily being enlarged.”) (My italics).
In fact, some federal agencies insist on animal tests.  As a result of this well- grounded and generally accepted appreciation of animal tests, federal agencies not only accept animal tests as reliable predictors of cancer in humans, these agencies often insist upon animal tests before authorizing production, distribution, or use of regulated substances.  See, for example, Chan & Hayes, op.  cit., in Principles and Methods of Toxicology, at pp.  206, 211-12; J.  J.  Cohrssen & V.  T.  Covello, U.S.  Council on Environmental Quality, Risk Analysis: A Guide to Principles and Methods for Analyzing Health and Environmental Risks (1989) at p.  38.

The use of animal tests to predict carcinogenicity in humans is soundly based on the multiple similarities between animals and humans.  Animals and humans share important biological or biochemical similarities that make animals well-suited and appropriate for providing information about human physiology and pathology.  See, for example, the opinion of Judge Edward Becker in the Paoli Railroad Yard PCB Litigation, 35 F.  3d 717 at p.  779 (3rd Cir.  1994), in which he remarked that humans and monkeys are likely to show similar sensitivity to poylchlorinated biphenyls (PCBs).  For example, although the observed rates of metabolism may differ between humans and animals, the biochemical and metabolic processes carried out in most organs are similar.  See D.P.  Rall et al.., Alternatives to Using Human Experience in Assessing Health Risks, 8 Annual Review of Public Health 355 at p.  356 (1987).

People and animals are similar on a cellular level.  Both humans and experimental animals are made up of cells.  The cells of the animals used in the carcinogen bioassays embody the same fundamental biological features as human cells, and as noted, cancer is first and foremost a disease of single cells that have “gone bad.” See Weinberg, R.,  “Molecular mechanisms of carcinogenesis,” Chapter 12, Part II in Dale DC and Federman DD, Scientific American Medicine, WH Freeman, 1978 – 1998, p.  12.  (Professor Weinberg is the Director of MIT’s Whitehead Institute and one of the world’s leading authorities on oncogenes.)   Indeed it is for this reason most basic cancer research uses animal models and animal cells.  (Of course, the use of animals cells and models is not confined to cancer research, although cancer research is a major user of such work.  For example, in a randomly selected recent issue (December 1997) of Nature (Medicine), one of the world’s premier science journals specializing specifically in medical research, eight of the twelve research articles used animal cells or models.)

Cancer in animals is not an artifact of the testing procedure.  Most chemicals, if given to an animal, in whatever dose or through whatever route, will not cause the animal’s normal cells to turn into malignant ones.  Although any chemical can be toxic to a cell at very high doses, the result is usually to make the cell falter and die, not become malignant, which is a very special and unusual biological response.  It has been estimated that the proportion of chemicals capable of inducing such a response, in any dose, is less than 10%.  Rosenkranz, HS, Strategies for the rapid detection and identification of environmental carcinogens, Chapter 12 in Rom, WN, ed., Environmental and Occupational Medicine ( Second Edition, 1992) at  p.  136.

Consequently, in most cases researchers observe close parallels between animal and human responses to carcinogenic agents.  As, David P.  Rall, the former director of the National Institute for Environmental Health Sciences, once stated, there are “more physiologic, biochemical, and metabolic similarities between laboratory animals and humans than there are differences.  These similarities increase the probability that results observed in a laboratory setting will predict similar results for humans.  Clearly the accumulated evidence in the field of carcinogenesis supports this concept.”   (Ibid.)  

Researchers have generally found there is a close correspondence between a human being’s target organ and the target organ of at least one animal species.  J.  Huff, Chemicals and Cancer in Humans: First Evidence in Experimental Animals, 100 Environmental Health Perspectives 201, 204 (1993); International Agency for Research on Cancer, Preamble, in 63 IARC Monographs on the Evaluation of Carcinogenic Risks to Humans 9, 17 (1995).  

Regulatory agencies use animal studies to make retrospective determinations of what caused cancer in humans, which is similar to the task judges and juries face in establishing retrospective liability.  Pursuant to their authority under “post-market” statutes, a number of nominally regulatory agencies, such as the federal Occupational Safety and Health Administration (OSHA) and some sections of the EPA, act as retrospective scientific investigators and develop causal analyses of what led to disease or death in human populations, albeit with a perspective of recommending forward-looking protective regulations.  Chan & Hayes, op.  cit., Principles and Methods of Toxicology at p.  212.  These types of retrospective scientific investigations are much like those engaged in by scientists in toxic tort litigation; consequently, the methodologies and conclusions of such retrospective government researchers may be particularly relevant in toxic tort cases and more relevant than the work of researchers employed by agencies that are strictly focused on predictive and preventive investigations.

Government agencies spend tens of millions of dollars on animal studies because of accuracy in predicting carcinogenic effects in humans.  My analysis of the carcinogenicity of TCE and PCE did use the results of studies of the effect of chemicals on laboratory animals, which as noted above, is a generally accepted methodology applied by all major scientific and national and international governmental bodies concerned with identifying and controlling the causes of cancer in humans (e.g., NTP, IARC, EPA, NIOSH, OSHA, FDA, etc.).  Indeed, millions of dollars are expended on this enterprise yearly precisely because it is of genuine importance to public health.

Animal bioassays are often viewed as the “gold standard.”  --- Many scientists regard a correctly conducted animal bioassay is the “gold standard” for identifying a carcinogen.  And among such bioassays, the National Toxicology Program’s (NTP) bioassays, which were among the 12 different bioassays that I relied in developing my conclusions about the carcinogenicity of TCE and PCE, are considered the most authoritative: “Most investigators agree that owing to the NTP’s quality control criteria the rodent cancer data it generated constitute the most authoritative body of carcinogenicity data.” (Ibid.  at p.  136).  The protocol for these bioassays has been worked out over the years and requires the use of maximally tolerated doses (MTDs), i.e.,, doses that cause no pathology (other than cancer) and no more than a 10% weight loss in the dosed animals.  Tests are typically conducted at the MTD and half the MTD in both sexes of rats or mice.
b.
Animal studies are widely used in human health research because scientists are permitted to conduct experiments on animals in ways that they are ethically and economically constrained for conducting on humans.
The second reason animal studies are widely used in human health research is, ironically, that animals are not humans and the ethical and economic constraints that bar scientists from experimenting on humans do not apply to experiments on animals
The bioassay is a classical “experiment,” in John Stuart Mill's sense of that term.  One group of animals (usually a few hundred) is dosed with the chemical and another ("control") group is not.  At various intervals the animals from both the “dosed” group and the control group are examined for cancer and a comparison made of tumor formation in the two groups
.  Results of such bioassays are an important part of the basis for regulatory decisions about the carcinogenicity of chemicals like the chlorinated ethylenes.

The tumors produced in animals by TCE and PCE are of various types, including cancers of the liver, kidney, blood system, testes and lungs
.  Some animals and strains show one kind of cancer, another a different kind.  As a result, some scientists have questioned whether there is something peculiar about some of the animal strains or species that "predisposes" them to cancer.  But it must be remembered that the bioassay compares "like with like," in this case animals of the same strain, species, sex, age, food, etc.  –  animals, that is, who differ only by virtue of their TCE or PCE exposure.  Thus "predisposition" as an explanation is not relevant.  

From the biological point of view, the importance of the bioassay findings is that TCE and PCE can cause this kind of biological effect (cancer) at all, immediately placing it in a different category from most chemicals
.  

Differences in response by site of action is most likely a function of genetic differences between strains.  The question about "predisposition" is thus sometimes asked in another form:  Is the strain of animals used "too likely" to develop cancer on exposure to TCE or PCE? Put another way, "Are people truly like the laboratory animals used in the bioassay?” But as Marvin Schneiderman once remarked, the correct way to ask this question is not to ponder if people are like rats, but which people are like which rats
.  Human beings belong to what is called an "outbred" species.  Practically speaking this means that people are genetically heterogeneous.  Thus the genetic heterogeneity seen between the inbred strains and species of rodents is mirrored within the human species.  In any event, as noted above, the use of rodent models to understand basic human biochemistry and physiology -- and to predict the is extremely well-established, accepted, and regularly used as a basis for regulatory decisions, not to mention scientific conclusions
.  

Some scientists raise a final objection to the use of bioassays generally (not specific to TCE or PCE), alleging that such high doses are given that the carcinogenic process is fundamentally altered and bears no relation to what happens at lower doses.  The reason for using high doses is well known and generally accepted
.  Technical details aside, high doses are needed because the use of doses that would be expected to produce typical risks encountered by human populations (say one in 10,000) would require inordinately and impracticably many animals (upwards of 30,000, for statistical reasons).  Because a bioassay of 600 animals can cost $2-3 million dollars and take one-and-a-half to two years, a 30,000 animal bioassay is infeasible
.  The use of bioassays to screen for those chemicals that can cause cancer at any dose is well established on the grounds of public health prudence.

This still does not answer the fundamental objection, however.  The general principle that low dose extrapolations are valid for chemicals that are "genotoxic"
 is generally accepted by scientists.  There has been much discussion, however, about whether high doses convert a non-genotoxic chemical to a genotoxic one (e.g., by metabolic overload) or whether a particular chemical is genotoxic at all, instead causing cancer by some (as yet unspecified) "non-genotoxic" mechanism.  I have carefully considered these arguments in the case of the chlorinated ethylenes and have concluded, in agreement with standard practice and federal agencies like the National Toxicology Program, that the bioassays for TCE and PCE are relevant for human cancer risks at doses encountered in Burbank. 

By way of summary, the following table gives the results of various animal bioassays of the chlorinated ethylenes:
POSITIVE ANIMAL CARCINOGENICITY STUDIES OF 1,1,2-TRICHOLORETHYLENE (CAS# 79-01-6)

	Species
	Route
	Organs
	Reference

	Rat
	Oral
	Kidney (males)
	NTP, 1990

	Rat
	Oral
	Kidney (male), testes
	NTP, 1988

	Rat
	Oral
	Leukemia (males)
	Maltoni et al., 1986

	Mouse
	Oral
	Liver
	IARC, 1976; NTP, 1990

	Rat
	Inhalation
	Testes, kidney (males)
	Maltoni et al., , 1986, 1988

	Mouse
	Inhalation
	Lung, liver
	Maltoni et al., 1988

	Mouse
	Inhalation
	Lymphoma (females)
	Henschler et al., 1980

	Mouse
	Inhalation
	Lung
	Fukuda et al., 1983

	Mouse
	Inhalation
	Lung
	Maltoni et al., , 1986, 1988


POSITIVE ANIMAL CARCINOGENICITY STUDIES OF TETRACHLOROETHYLENE (CAS# 127-18-4)

	Species
	Route
	Organs
	Reference

	Mouse
	Oral
	Liver
	NCI, 1977

	Rat
	Inhalation
	Kidney (males), leukemia
	Mennear et al., 1986

	Mouse
	Inhalation
	Liver
	Mennear et al., 1986


My Opinion Regarding the Genotoxicity of TCE and PCE  

Although my opinion regarding the overall carcinogenicity of TCE and PCE does not depend on whether those substances are genotoxic, there is increasing evidence they have this property of being able to change the DNA of the cell.  For both chemicals it is generally accepted who have studied the issue that the ability to cause cancer in animals depends upon their conversion by the body’s own metabolism to other, more reactive chemicals, which are the ones that do the damage
.  The suspect metabolites for TCE and PCE are trichloroacetic acid (TCA) and reactive intermediates (ethylene oxides).
Both TCE and PCE produce TCA and both produce almost the same reactive intermediates, the respective ethylene oxides (differing by only a single atom).  TCA has been shown to be carcinogenic in at least one species of animal. The production of either the reactive intermediates or TCA are both biologically significant facts, facts  that makes TCE and PCE toxicologically similar.  Both are likely genotoxic as a result, as corroborating evidence shows.
Although some researchers have considered TCE and PCE “non-genotoxic” carcinogens, i.e.,, chemicals that cause cancer by some means other than fixing an alteration of the DNA (mutation),
 exactly what this other mechanism might be, if indeed there is one, is a matter of some debate.  Until recently, one popular suggestion was the “peroxisome proliferator” mechanism.
  But the underlying hypothesis (that peroxisome proliferation resulted in either cell proliferation, oxidative stress, or tumor promotion) has not been borne out by subsequent studies.
  Scientists now  believe that the receptor involved in peroxisome proliferation is necessary for the effects on the liver, but not for effects on other tissues.

By contrast, there is now additional evidence that TCE is, by itself, a DNA damaging agent, as the above evidence on oncogenes and tumor suppressor genes indicates.
  Several recent studies are particularly persuasive.  Two of these studies involve means to detect a broader range of genetic damage from foreign chemicals than older methods.  The work of Schiestl et al.., reported in 1997 in the prestigious Proceedings of the National Academy of Sciences, is in essence a method that detects large scale genetic changes, such as deletions of whole genes.  Using this method, Schiestl et al.. were able to show that TCE, benzene, and sodium arsenate caused genetic deletions (a form of genetic damage).  These are all carcinogens whose mutagenic activity was not readily detectable by the usual assays.

Of even more importance is a recent comprehensive report from the Gene-Tox program of the US EPA on the “Mouse Lymphoma specific gene and chromosomal mutation Assay” (abbreviated MLA).
  Like the method of Schiestl et al.., the MLA can detect large scale genetic alterations, not just “point” or “localized” mutations.  The results of the MLA on 602 chemicals were reviewed and compared with animal bioassays to assess the relationship of the MLA and animal carcinogenicity.  The MLA reconfirmed the fact that TCE was genotoxic and placed it in the category of “definitively positive.” The 602 chemicals were grouped into 30 chemical classes, containing chemicals of a similar chemical and biological nature.  TCE (and PCE) fell into class 2 (102 of the 602 chemicals).
  

Of those chemicals tested for carcinogenicity by NTP, the concordance with the MLA in class 2 chemicals (for both positive and negative results) was 94% (i.e.,, of all the positive and negative carcinogenicity results by NTP of class 2 chemicals, 94% of them agreed with the positive or negative results of the MLA).  This was further confirmation that the MLA was identifying genetic changes of significance for the production of cancer.  In particular, TCE was judged by the panel to be “definitively positive” (the highest category) in the MLA.
  Thus TCE is not only genotoxic in the MLA, but the genetic alterations it causes are relevant for its potential to cause cancer.  This further confirms the results obtained from a different line of research (oncogene work).

Above I reviewed a series of studies of kidney cancer from Germany which show that TCE exposed workers with kidney cancer indeed have mutations in a specific gene associated with kidney cancer (the von Hippel Lindau tumor suppressor gene).  Moreover, there is a dose response relationship between the intensity of TCE exposure and the frequency of VHL mutations, and most strikingly, there is a specific TCE-associated mutation (in codon 454 of the VHL gene) not seen in other kidney cancer cases.

The genotoxicity of TCE and PCE shows they capable of acting by known mechanisms of cancer causation.
E.  Opinion about Autoimmune Disease and it Basis

It is said that science begins with observation, and in no science is this truer than clinical medicine.  The relationship between chemical exposures  and a class of maladies called autoimmune disease was first noticed in the 1950s by an alert clinician, who saw a relationship between a drug and the onset of systemic lupus erythematosus
.  Numerous other chemicals (many of them drugs) have now been implicated in lupus and lupus-like diseases
.  Moreover, chemicals have also been implicated in other autoimmune diseases, most notably scleroderma.

Lupus erythematosus
 and scleroderma belong to a group of diseases whose origin is a malfunction of the immune system.  The immune system is extremely complex, consisting of an inter-related set of subsystems that function as the body's security forces, watchdogs of both internal order (looking out for virally infected cells or tumor cells, for instance) and external threats (bacteria and foreign bodies).  As with a societal law enforcement system (which is designed to protect both individual citizens and the “body politics” as a whole), the human body uses a delicate arrangement of checks and balances, rules and mechanisms, that, if violated, can cause harm to the organism.  An immune system that turns against normal and lawful cells and tissues produces damage that scientists call autoimmune disease.  One of these autoimmune diseases, scleroderma, is found among the complainants.  


Scleroderma is an uncommon disease whose name means "hard skin,"  a cardinal feature of the cutaneous form being a thickening of the skin on the extremities and face.  There are two forms, one that is confined to the skin, the other (systemic sclerosis), which affects both the skin and the supporting tissues of internal organs like the esophagus and lungs.  Scleroderma is itself a spectrum of diseases that may go under various names
.  There is no cure and the disease is frequently disabling and fatal, although many less severe cases are also found.  Familial cases are rare and heredity seems to play only a small part, if any, in the origin and development of scleroderma. Because of scleroderma's rarity it has been very difficult to study epidemiologically,
  but clinical observations have provided a wealth of information.

There is abundant clinical evidence connecting TCE and other organic solvents with scleroderma.  The relationship was first noted in 1957 by Reinl, who reported scleroderma in a young woman who used TCE to remove grease from aluminum plates
.  Eight years later Walder reported seven successive patients with scleroderma, six of whom were exposed to organic solvents shortly before onset.  In 1981 he presented five more solvent associated cases.  By this time Sparrow had reported the same result from PCE use, and Saihan had added another TCE case
.  These and other solvent associated cases occurred in the context of a recognized scleroderma-like disorder from exposure to vinyl chloride, the first chemical in the chlorinated ethylene series.
  We may now add many other TCE specific cases.
  The relationship is now part of general texts on the subject.
 

It is my opinion, to a reasonable degree of medical certainty, that exposure to the organic chlorinated solvents TCE and PCE can cause the autoimmune disease scleroderma in those exposed through the air and water of Burbank.
�	 	GISs are currently in prolific use in many environmental and land assessment fields and are among the most efficient means of assessing environmental data.  In addition, the relational database capacity of a GIS allows integration of diverse spatial and aspatial information with statistical functions for purposes of epidemiological analysis.  This project will utilize a GIS with existing and pending case-control data from the Upper Cape Cancer Incidence Study to address the issue of elevated cancer incidence in this area.  Specific Aim 1: To complete a digitized representation of pertinent spatial (residence, exposure zones,etc.) and aspatial (years of residence, age, sex, etc.) data from the Upper Cape Cancer Incidence Study within a Geographic Information System;  Specific Aim 2: To conduct pilot investigations of new analytic techniques to detect and verify spatial aggregation ("hotspots" or clusters), both in relation to single and multiple geographically-located sources of exposure, and purely as departures from spatially random processes.  Since much of the practical effort will involve a novel application of epidemiological techniques and spatial statistics within a GIS, a concurrent aim is:


   Specific Aim 3: To develop a "toolbox" of GIS programs and methods for environmental epidemiology, transferable to other epidemiological investigations that acquire spatial data.


   


�	 	BEHCinvestigators are developing general methods and applying specific expertise to determine health effects of environmental exposure to hazardous situations with a particular emphasis on behavioral toxicology, immunotoxicology, cancer epidemiology and behavioral psychopathology. A particular consideration of the research projects planned for completion during the first five years of the Center is the application of specialized scientific expertise to understanding the neurologic, immunologic, pulmonary and behavioral consequences of exposure to environmental hazards potentially associated with military service, specifically service during the Persian Gulf War. The Center is highly interdisciplinary, integrating the expertise and efforts of the core Center staff and specialized consultants in carrying out Center activities and completing the six formal research projects.





�   	The National Academy of Sciences is the nation's premier gathering of distinguished scientists.  Its charter from Congress requires it to advise the federal government on scientific and technical matters.


   


�   	I have written on medical and legal causation in this context.  Cf.  Boden et al., 1988; and Ozonoff, 1988, op.  cit., note 7.


   


�   	As the Supreme Court has recognized, however, "majority rule" is not a concept consonant with the scientific method per se, although the arguments of the majority may have persuasive value.


   


�    	It is important to note that a debate rages about scientific realism among scholars who study science as a social enterprise, i.e.,, as a practice that exists in the real world, including the world of the courtroom.  See, for example, Jasanoff W, Science at the Bar: Law, Science, and Technology in America Harvard U.  Press, 1995; Hacking I, The Social Construction of What?, Harvard University Press, 1999; Faigman D, Legal Alchemy: The Use and Misuse of Science in the Law,  WH Freeman 1999; and Pickering A (editor), Science as Practice and Culture, University of Chicago Press, 1992, especially Part I (Positions).


   


�   	Most scientists acknowledge that there are other ways to "know" the world, including, for example, art and religion.  I discuss here only the mode of "knowing” that scientists call science.


   


�     	But not to scientists who have understand the commonplace of disagreement.  See, for some examples, National Research Council, Setting Priorities for Drinking Water Contaminants, National Academy Press, 1999, p 17 – 18, and the books on science and the law by Jasanoff and Faigman, cited above (note 12), and the book on the philosophy of science by Hackman, also cited there.  Jasanoff and Faigman do not agree on much, but on this point they are in complete agreement.


   


�	 Kuhn, TS, THE STRUCTURE OF SCIENTIFIC REVOLUTIONS 7 (2d ed. 1970).


�	NRC, COMMISSION ON GEOSCIENCES, ENVIRONMENT, AND RESOURCES, SETTING PRIORITIES FOR DRINKING WATER CONTAMINANTS 17-18 (1999).


�    	By fixing “facts” as explanations I am glossing over some important distinctions that have concerned legal scholars for many decades.  These needn’t worry us for this restricted purpose, but become important in other contexts.  For an illuminating discussion see Hart HLA and Honoré A, Causation in the Law Oxford University Press, 1959.


�


   	The Supreme Court concluded that Rule 702 limited expert testimony to opinions that are the product of a scientific thinking process.  (Cf.  Berger, M., "Evidentiary Framework," Federal Judicial Center Reference Manual on Scientific Evidence, 1994.)  As expressed by Judge Kosinski in the Daubert remand, "...we read the Supreme Court as instructing us to determine whether the analysis undergirding the experts' testimony falls within the range of accepted standards governing how scientists conduct their research and reach their conclusions." [emphasis added].  Op.  cit., note 10.


� 	 	It would be convenient if scientists could bifurcate the scientific process into a purely empirical operation followed by an interpretive one.  This is a subject much discussed by philosophers of science, who are struck by the "theory laden-ness" of scientific language (see Hanson N, Patterns of Discovery: An Inquiry into the Conceptual Foundations of Science, Cambridge Univ.  Press, Cambridge, 1961 and the works by Jasanoff, Hacking and Pickering cited above).  This analytical problem is not confined to the expert "fact" witness, but applies also to a lay fact witness who must explain how his account is correct in the face of another lay fact witness who testified to a different perception of what they saw.   


�


   	Karl Pearson (1857-1936) was one of the founders of modern statistics.


�		Susser, Mervyn, Causal  Thinking in the Health Sciences: Concepts and Strategies of Epidemiology, Oxford Univ.  Press, New York 1973, pp 141-2.    See Cerf, C.  and Navasky, V., THE EXPERTS SPEAK: THE DEFINITIVE COMPENDIUM OF AUTHORITATIVE MISINFORMATION (2d ed.  1998) (providing numerous examples of faulty assessments and predictions by great scientists, inventors, and other experts).


�


    	Judge Kosinski, in the Daubert remand, quotes Judge Frank Johnson approvingly:  "the examination of a scientific study by a cadre of lawyers is not the same as its examination by others trained in the field of science or medicine."


�   	I note again that my scientific publications on TCE and PCE have all appeared in peer reviewed publications or venues, and were in fact peer reviewed.


�


   	Gans, J, Shepherd B, "How are the mighty fallen: rejected classic articles by leading economists," J Econ Perspectives, 8:165-179, 1984


�


   	For example, editorials, invited papers, and papers by editors may or may not be peer reviewed, even in a journal whose general policy is to peer review unsolicited articles.  On the other hand, many book chapters, state and federal reports or articles in stand-alone publications are extensively reviewed before publication.  In the case of public agency reports, particularly, the more controversial the topic, the more likely extensive peer review will be undertaken.


�	 	Actually Susser (op.cit., note 14) discusses four of Mill's "Canons", including the Methods of Agreement, Residues, and Concomitant Variation.  One can interpret the others as variations on the Method of Difference, however, so I have elected not to elaborate on them.  HLA Hart and Anthony Honoré discuss Mill at some length in their 440 page book on Causation in the Law, noting that there are several areas where the legal context requires a departure from Mills’s views.  Those contexts do not affect this instance, and, in any event, I am discussing the spontaneous concepts of most scientists, here.


   


�   	This of course does  not mean that nothing else can produce a change in B.


�


    	One of the criticisms of some modern philosophers is that “all other things” can never be kept equal. However, the belief in their ability to select those ancillary things that “count” and those that do not is one of the bedrocks of scientists’ method.


�


    	This is clearly consistent with judicial practice.  For example, Judge Becker wrote in Paoli II, page 117:  "While it may be true that defendant can offer tests and experiments that do not support the findings of plaintiffs' experts, the defendant cannot deny that animal studies are routinely relied upon by the scientific community in assessing the carcinogenic effects of chemicals on humans.  Even defendant's own expert acknowledges that animal experiment studies are built on 'prudent presumptions,' although he concludes that they should not be admitted." Cf.  also, Henefin M, Goldstein B, “Reference Guide on Toxicology,” In: Reference Manual on Scientific Evidence, Federal Judicial Center: “the responses of laboratory animals are useful predictors of toxic responses in humans” is a central tenet of toxicology.  (p.  185).


�


    	The Lancet, for example, one of the world’s leading medical journals, contains a Case Report every week.


�


   	I speak here of research toxicology and epidemiology.  The field of clinical toxicology, by contrast, is an observational science, taking as its subject the diagnosis and treatment of individuals; and clinical epidemiology is often experimental, involving randomized clinical trials.  This semantic inversion when each is qualified with the word "clinical" presents no conceptual difficulties.


�


   	Whether complete control is practically possible varies, of course, but the principle should be clear.  To the extent the answers are ambiguous, another experiment can be designed to resolve the ambiguity.


�		This is a deterministic view of disease causation.  One could also take a probabilistic view, in which case scientists would have to discuss sample error from some assumed super-population of identical study settings.  This alternative view does not affect any of the points made.


�


   	Cf.  Lagakos S, Wessen B, Zelen M, "An analysis of contaminated well water and health effects in Woburn, Massachusetts," J Am Stat Assoc 81:583-596, 1986.


�   


   	Ozonoff, David, "Conceptions and Misconceptions about Human Health Impact Analysis," Environmental Impact Assessment Review, 14:499-516, 1994.


�


    	Cf.  Bailey LA, Gordis L, Green M, “Reference guide on epidemiology,” Reference Manual on Scientific Evidence,  Federal Judicial Center, 1994, pp 121-180 , especially p.  132.


�


   	Epidemiologists depend on Nature to be their "research assistants" and Nature is not usually very tidy or cooperative.  Thus it is normal and natural for there to be "loose ends" sticking out of epidemiological studies, loose ends that other epidemiologists usually cannot resist pulling.  As with most things, designing an informative study is difficult.  Criticizing one is easy.


�		This is a deterministic view of disease causation.  One could also take a probabilistic view, in which case scientists would have to discuss sample error from some assumed super-population of identical study settings.  This alternative view does not affect any of the points made.


�	The original source of the 5% criterion is lost in time.   It apparently came from the original applications of statistical methods to agricultural experiments and expressed a cost-benefit statement about the expense of redoing a large trial involving a whole growing season and plots of various seeds and fertilizers.   Its use for public health purposes might thus be questioned.   It is interesting to note that in other sciences, notably, physics, another common criterion for "statistical significance" is not 5% but 10%.   In any event, virtually every elementary statistics text warns the student of the highly arbitrary nature of the figure.   As Dr.  Kenneth Rothman (who is: (a) the co-author of the leading treatise on epidemiology; (b) the Editor-in-Chief of the journal Epidemiology; and, not least, (c) my colleague at the Bost University School of Public Health)  and others explained to the US Supreme Court in the Daubert  case:





	Until recently, most epidemiologists were physicians.   Their interest in epidemiology was focused on the occurrence patterns of a given disease.   In doing so, these physicians have collaborated with statisticians who contributed expertise in making observations on large populations as well as in data analysis.   As a result, much of the theoretical development of modern epidemiology has been contributed by statisticians -- Cornfield, Mantel, Cox, Breslow and Prentice -- to name but a few of the outstanding contributors.   It was natural for statisticians to rely on methods of statistical analysis with which they were familiar in other areas of application.   These methods have become incorporated into epidemiologic practices.   Of these methods, significance testing has come to dominate and influence epidemiological practices to such an inordinate extent that undue reliance is often placed on its role in epidemiologic data analysis.   Significance testing serves, however, merely as a tool for epidemiologists to achieve their scientific objectives.   Indeed, the term statistical significance" could be expunged from the lexicon of the epidemiologist with no loss; accordingly it should not be allowed to assume an importance or role in law beyond its use as an epidemiological tool.  When used to evaluate the association between exposure and disease, the concept of statistical significance is often misleading and never descriptive of the magnitude of effect or the precision of measurement.   Nonetheless, a factfinder who is told that a body of data is not "statistically significant" is made to believe that the data has no value.   Unfortunately, the seemingly talismanic phrase "statistically significant" creates a misleading aura of infallibility totally out of relation to its actual value.  


	It should be noted that the motivation for the development of statistical hypothesis testing was to provide a basis for decision making in agriculture and quality-control experiments.   These experiments were designed to answer questions that called for specific actions; accordingly, the results had to be classified, if possible, into qualitatively discrete categories.   Thus arose the practice of declaring associations in data as "statistically significant" or "nonsignificant" using arbitrary criteria that became conventions.   Undue reliance on statistical significance (instead of more general tools of scientific inference) has resulted in, for example, the overlooking of effective new treatments because their effects were judged to be "not significant' despite the presence of an indication of efficacy in the data.   Thus, testing for statistical significance, a methodologic tool, has become for some a clumsy substitute for thought, subverting what should be a contemplative thoughtful exercise into an algorithm prone to error





Amicus Brief filed in the US Supreme Court in Daubert vs.  Merrell Dow by Dr.  Kenneth Rothman, et al.. 


� 	In their amicus brief in Daubert, Profs.  Rothman and Weiss alerted the US Supreme Court to the fact “that there is a large community of respected epidemiologists that rejects the single-minded focus on significance testing that is expressly mandated by the trial court and implicitly adopted by the appellate court, without the benefit of expert testimony or analysis memorialized in its opinion.  As an example, Epidemiology (an epidemiology journal of which amicus Dr.  Rothman is editor) discourages publication of articles that rely on significance testing.”


	The views of other promiment epidemiologists, toxicologists, biostatisticians, and other scientists who believe that statistic significance is a problematic test of scientific validity are discussed in Joseph L.  Fleiss, Significance Tests Have a Role in Epidemiologic Research:  Reactions to A.M.  Walker, 76 Am.  J.  Pub.  Health 559, 559-60 (1986); Steven N.  Goodman & Richard Royall, Evidence and Scientific Research, 78 Am.  J.  Pub.  Health 1568, 1568-74 (1988); Charles Poole, Beyond the Confidence Interval, 77 Am.  J.  Pub.  Health 195, 195-99 (1987); W.  Douglas Thompson, Statistical Criteria in the Interpretation of Epidemiologic Data, 77 Am.  J.  Pub.  Health 191, 191-94 (1987); Alexander M.  Walker, Reporting the Results of Epidemiologic Studies, 76 Am.  J.  Pub.  Health  556, 556-58 (1986).


�	Austin Bradford Hill, The Environment and Disease - Association or Causation?, Proceedings of the Royal Society of Medicine (1965) 58:296 at p. 299.


� 	Rothman and Weiss,  “Summary of Argument” section of their amicus brief in Daubert.





�


	Rothman’s amicus brief in Daubert, citing K. Rothman, Significance Questing, 105 Annals of Internal Medicine 445, 445-46 (1986) (citations omitted). According to the Rothman.Weiss amicus brief:





	A better approach to evaluating the error in scientific measurement is the use of "confidence intervals." A confidence interval is a range of possible values for a parameter that is consistent with the observed data within specified limits.  The process of calculating a confidence interval within the chosen limits is know as "interval estimation." See K. Rothman, Significance Testing at 119. 


	An important advantage of interval estimation is that it: “do[es] not require irrelevant null hypothesis to be set up nor [does it] force a decision about ‘significance’ to be made -- the estimates can be presented and evaluated by statistical and other criteria, by the researcher or the reader.  In addition the estimates of one investigation can be compared with others.  While it is often the case that different measurements or methods of investigation or theoretical approaches lead to ‘different’ results, this is not a disadvantage; these differences reflect important theoretical differences about the meaning of the research and the conclusions to be drawn from it.  And it is precisely those differences which are obscured by simply reporting the significance level of the results.  





Rothman/Weiss amicus brief in Daubert, quoting  L. Atkins and D. Jarrett, The Significance of "Significance Tests," in J. Irvine and I. Miles (eds.) Demystifying Social Statistics (1979). 





�A detailed example showing how results can be of public health significance but not statistical significance can be found in Ozonoff, David, "Conceptions and Misconceptions about Human Health Impact Analysis," Environmental Impact Assessment Review,  14:499-516, 1994.


�For example, a difference of 1/8" in height between east coast children and west coast children will be statistically significant if very large numbers of children on both coasts are measured.


�A good example is the Fisher Exact Test, commonly used for small tables frequently encountered in environmental epidemiology.  Certain well known statistical programs even force the user to employ this test if several table cells contain expected values of less than five, even though it has been known for years that the test is inappropriate.  Cf.  D'Agostino R, Chase W, Belanger A, "The appropriateness of some common procedures for testing the equality of two independent binomial populations," Am Statistician 42:198-202, 1988, and references therein.


�Oakes, Michael, Statistical Inference, Epidemiological Resources Inc., Chestnut Hill, MA, 1990.  Oakes then goes on to quote a review (by Dusoir) of a statistics text in a technical journal:


"A more fundamental criticism is that the book, as almost all other elementary statistics texts, presents statistics as if it were a body of coherent technical knowledge, like the principles of oscilloscope operation.  In fact statistics is a collection of warring factions, with deep disagreements over fundamentals, and it seems dishonest not to point this out."


�As expressed by the epidemiologist Kenneth Rothman in his Daubert amicus brief:  "The result of using significance testing as a criterion for decision making is that the focus is changed from the information presented by the observations themselves to conjecture about the role chance could have played in bringing about those observations." [emphasis in original].  Quoted by Berger M, cited above (op.  cit., note 8).  Rothman is the author of a standard text, Modern Epidemiology (see next note), and Editor in Chief of the journal Epidemiology.


�	As professors Rothman and Greenland explain, at p.  22 of their textbook:


Perhaps the most important common thread that emerges from the debated philosophies [of scientific causation] is Hume’s legacy that proof is impossible in empiric science.  This simple fact is especially important to epidemiologists, who often face the criticism that proof is impossible in epidemiology, with the implication that it is possible in other scientific disciplines.  Such criticism may stem from a view that experiments are the definitive source of scientific knowledge.  Such a view is mistaken…Even the most careful and detailed mechanistic dissection of individual events cannot provide more than associations… .


� 	Thus Judge Kosinski, in the Daubert remand, writes of the plaintiff's case that it does not "attempt to show causation directly; instead, they rely on experts who present circumstantial proof of causation.” Of course there is no such thing as a "direct" proof of causation.





�	Professors Rothman and Greenland are not alone in their view that judgment – not a checklist -- is a scientist’s most useful tool in inferring causation.   Indeed, that perspective is shared by a number of the nation’s leading epidemiologists and other scientists, historians of science, and philosophers of science.   Thus, an amicus brief tendered to the US.  Supreme Court in the Daubert case by Harvard professors Stephen Jay Gould (Zoology, Geology, and History of Science), Gerald Holton (Physics and History of Science), Everett Mendelsohn (History of Science), and Kathleen Joy Propert (Biostatistics), Columbia University professor Ronald Bayer (Sociomedical Sciences), and NYU professor Dorothy Nelkin (Sociology and Law) explained that “’[c]onclusiveness in inferring causality --  in epidemiology as with the study of all free-living human beings – is a desire more often than an accomplishment.’” Amicus Brief of Bayer, Gould, etc., quoting Mervyn Susser, Rules for Inference in Epidemiology, 6 Regulatory Toxicology and Pharmacology 116, 127 (1986).   These scholars went on to observe that “[a]s a consequence, those who seek in science the immutable truth they find lacking in the law are apt to be disappointed.”  (Ibid.)  Furthermore, “One notable similarity [between law and epidemiology] is the dependence of both fields upon  subjective judgments.  … In the end, a quality which lawyers should understand -- judiciousness – matters more than any.  Scientists use both deductive and inductive inference to sustain the momentum of a continuing process of research.  … The courts of law, and the courts of application, use inference to reach decisions about what action to take.  Those decisions cannot rest on certitudes, most especially when population risks are converted into individual risks.”  (Ibid., quoting Susser, op.  cit., at p.  128 (my italics)).


�Of these, the most important are non-differential exposure misclassification and small sample size. See Ozonoff, D. "Assessing the effects of exposure misclassification in hazardous waste studies," paper presented at the annual meeting of the International Society of Environmental Epidemiology, Research Triangle Park, NC, November 1994; also Ozonoff D, et al.., "Health Problems Reported by Residents of a Neighborhood Contaminated by a Hazardous Waste Facility.” Amer. J. Ind. Med. 11:581-597, 1987.


� If one thousand cases appear “naturally” and another 1000 are due to exposure (the result of a RR = 2.0), then of every 2000 cases only 1000 or 50% would seem to be a result of the exposure.


� For the latest such comment, see Greenland S, “Relation of probability of causation to relative risk and doubling dose: A methodologic error that has become a social problem,” American Journal of Public Health  89:1166-1169, 1999.


�		It should be noted here that high dose animal studies are generally accepted by scientists and regulators.  Cf.  , for example, Huff, et al.., "Carcinogenesis studies:  Results of 398 experiments in 104 chemicals from the US National Toxicology Program," Ann NY Acad Sci 534:1-30, 1988.  Cf.  also, Reference Guide on Toxicology, pp.  190- 191.


� For example, the Reference Manual (p.  167) notes that epidemiology concerns populations, not patients, and therefore does not even address the question of the cause of an individual’s disease.


� These are questions akin to the “fit” criterion in the Supreme Court’s Daubert opinion.


�	See generally, Kuhn, TS., The Structure of Scientific Revolutions (1962) (discussing the differences between “paradigmatic” and “normal” science.


�Even though basic scientists operate on a longer time scale, they too make decisions on the basis of incomplete information, for example, decisions that affect how they proceed with the next experiment.  Sometimes this involves committing to a lifelong research program based on a particular theory of how things work.


�Davidoff, F, "Decision Analysis,” chapter 3 in Noble J, ed., Textbook of General Medicine and Primary Care, Little Brown, Boston, 1987.  The quote which follows comes from Harrison's Principles of Internal Medicine, Eighth Edition,  Thorn G et al.., editors, McGraw-Hill, New York, 1977, pp.  4-5.  Harrison's is perhaps the most widely used medical reference textbook.


� Cullen MR, Rosenstock L, Brooks SM. “Clinical approach and establishing a diagnosis of an environmental medical disorder,” Ch. 18 in Brooks SM, Gochfeld M, Herzstein J, Jackson RJ, Schenker MB (eds.) Environmental Medicine Mosby, 1995. I note, in passing, that these authors use the same analogy of assembling a puzzle picture that I used (independently) in this Report. Cf. ibid., p. 220.


� Ibid., p. 231.


� External and internal validity are thus analogous to the “reliability” and “fit” criteria of the Daubert Court.


�	See Kuhn, op cit.


�		One must of course ask what kind of information scientists are concerned with.  The last blind man may not have had valid grounds for concluding he had examined a rhinoceros, but still valid grounds for declining to crawl beneath the object of inquiry.


�	 A very recent and superb summary of the current state of knowledge is given by Weinberg, R. “Molecular mechanisms of carcinogenesis,” Chapter 12, Part II in Dale DC and Federman DD, Scientific American Medicine, WH Freeman, 1978 - 1998. Weinberg is the Director of MIT’s Whitehead Institute and one of the world’s authorities on oncogenes.


�	 Ibid., p. 1.


�	 There also is an association with specific kinds of ras mutations and PCE exposure. See Anna CH, Maronpot RR, Pereira MA, Foley JF, Malarkey DE, Anderson MW, “ras proto-oncogene activation in dichloroacetic acid-, trichloroethylene- and tetrachloroethylene-induced liver tumors in B6C3F1 mice,” Carcinogenesis 15:2255-2261, 1994. 


�	 The receptor in the first instance is called Epidermal Growth Factor receptor (EGF Receptor), in the second called erb-B2. Ibid., p. 1. See also DiFiore PP, Pierce J, Kraus MH, et al., “erb-B2 is a potent oncogene when overexpressed in NIH/3T3 cells,” Science 237:178, 1987.


�	 Bruning T, Weirich G, Hornauer MA, Hofler H, Brauch H. “Renal cell carcinomas in trichloroethene (TRI) exposed persons are associated with somatic mutations in the von Hippel-Lindau (VHL) tumour suppressor gene,” Arch Toxicol 71:332-335, 1997. I have discussed further studies from this group in the section, The German Kidney Cancer Studies.


�I assume here that a dollar bill is a tenth of a millimeter thick.  I took the distance of the earth to the moon to be 400,000 km.


�Corporations and casinos long ago learned that even if profit margins are low, high volume can make up the difference.


� Favorite examples are sassafras and black pepper.


� Cf., for example, Jang J-Y, Droz PO, Berode M. “Ethnic differences in biological monitoring of several organic solvents. I. Human exposure experiment,” Int Arch Occup Environ Health 69:343-349, 1997; Jang J-Y, Droz PO. ““Ethnic differences in biological monitoring of several organic solvents. II.A simulation study with a physiologically based pharmacokinetic model,” Int Arch Occup Environ Health 70:41-50, 1997.


� This oft repeated phrase is attributed to Paracelsus, a 16th century itinerant physician, who was Goethe’s prototype for Dr.  Faustus.  The phrase comes in the course of Paracelsus’s “Third Defense” in the Carinthian Defenses (published decades after his death), whereby he defends himself against charges he poisoned patients by treating them with mercury (the later practice of which probably caused the premature deaths of tens of thousands of patients).  Paracelsus was an alchemist and a mystic whose astrological explanations were far from current scientific thinking.  It is often used for rhetorical effect, as it has no actual scientific content in the writings of Paracelsus.


� The pronounced variation in reactions to medications is one of the principal reasons for the long list of “possible adverse reactions” in the Patient Package Insert the FDA mandates be included with prescription drugs.


� Wright WH, Bozicevich J, Gordon LS.  “Studies on oxyuriasis, V.  Therapy with single doses of tetrachlorethylene,” JAMA 109:570-573, 1937.


� Chaudhuri R. “Death following administration of tetrachlorethylene,” Indian Med Gazette 82:115-116, 1947.


� The importance of variations in dose-response specifically with respect to TCE has also been made by Jacobs TL, Warmerdam JM, Medina MA, Piver WT.  “Second moment method for evaluating human health risks from groundwater contaminated by trichloroethylene,” Environ Health Perspect 104:866-870, 1996.


� Vineis P, Matrone T.  “Genetic-environmental interactions and low-level exposure to carcinogens,” Epidemiology 6:455-457, 1995.


� Ibid., p. 456.


�For example, an epidemiologically unobservable risk of 1 in 10,000/year from a carcinogen in the Boston water supply would fill up a good sized community hospital with nothing but drinking water induced cancer cases every year. This would be considered a public health emergency even though it could not be seen with epidemiological methods.


�Cronin WJ, Oswald EF, Shelley ML, Fisher JW, Flemming CD, "A trichloroethylene risk assessment using a Monte Carlo analysis of parameter uncertainty in conjunction with physiologically-based pharmacokinetic modeling," Risk Analysis 15:555-565, 1995.


�Ibid.


�	Ibid.


�Cothern CR, Coniglio WA, Marcus WL.  “Estimating risk to human health: trichloroethylene in drinking water is used as the example,” Environ Sci Technol 20:111-116, 1986.


�	Ibid.


�The model is based on the Weibull distribution, which can be thought of either as a time-to-tumour model, or in terms of a tolerance distribution.


�	As professors Rothman and Greenland explain, at p.  22 of their textbook:


Perhaps the most important common thread that emerges from the debated philosophies [of scientific causation] is Hume’s legacy that proof is impossible in empiric science.  This simple fact is especially important to epidemiologists, who often face the criticism that proof is impossible in epidemiology, with the implication that it is possible in other scientific disciplines.  Such criticism may stem from a view that experiments are the definitive source of scientific knowledge.  Such a view is mistaken…Even the most careful and detailed mechanistic dissection of individual events cannot provide more than associations… .


� 	Thus Judge Kosinski, in the Daubert remand, writes of the plaintiff's case that it does not "attempt to show causation directly; instead, they rely on experts who present circumstantial proof of causation.” Of course there is no such thing as a "direct" proof of causation.





�	Professors Rothman and Greenland are not alone in their view that judgment – not a checklist -- is a scientist’s most useful tool in inferring causation.   Indeed, that perspective is shared by a number of the nation’s leading epidemiologists and other scientists, historians of science, and philosophers of science.   Thus, an amicus brief tendered to the US.  Supreme Court in the Daubert case by Harvard professors Stephen Jay Gould (Zoology, Geology, and History of Science), Gerald Holton (Physics and History of Science), Everett Mendelsohn (History of Science), and Kathleen Joy Propert (Biostatistics), Columbia University professor Ronald Bayer (Sociomedical Sciences), and NYU professor Dorothy Nelkin (Sociology and Law) explained that “’[c]onclusiveness in inferring causality --  in epidemiology as with the study of all free-living human beings – is a desire more often than an accomplishment.’” Amicus Brief of Bayer, Gould, etc., quoting Mervyn Susser, Rules for Inference in Epidemiology, 6 Regulatory Toxicology and Pharmacology 116, 127 (1986).   These scholars went on to observe that “[a]s a consequence, those who seek in science the immutable truth they find lacking in the law are apt to be disappointed.”  (Ibid.)  Furthermore, “One notable similarity [between law and epidemiology] is the dependence of both fields upon  subjective judgments.  … In the end, a quality which lawyers should understand -- judiciousness – matters more than any.  Scientists use both deductive and inductive inference to sustain the momentum of a continuing process of research.  … The courts of law, and the courts of application, use inference to reach decisions about what action to take.  Those decisions cannot rest on certitudes, most especially when population risks are converted into individual risks.”  (Ibid., quoting Susser, op.  cit., at p.  128 (my italics)).


�	Rothman and Greenland, op cit., at p. 24.


�	Sir Austin Bradford Hill, The Environment and Disease:  Association or Causation?, 58 Proceedings of the Royal Society of Medicine 295, 299 (1965), reprinted in Evolution of Epidemiologic Ideas:  Annotated Readings on Concepts and Methods at p.  16 (Sander Greenland, ed., 1987).   Hill’s list also viewpoints also appeared in the eighth edition of his Principles of Medical Statistics, Oxford University Press, New York, 1966.


� Reference Manual, pp. 161ff. The Manual correctly characterizes the list as factors which might “guide the epidemiologist in making a judgment about causation.” The attribution to Henle and Koch (“two infectious disease researchers”) is curious. When Henle first enunciated far different criteria for contagious diseases in 1847, Koch was only 4 years old. Koch’s later (1882) version is intimately tied to his development of the pure culture technique. Clearly the logic used by both Henle and Koch derives from the same source as Mill’s Canons, but the Hill list is more obviously related to the latter than to Henle or Koch. Cf. Rothman and Greenland, op. cit., note 35, p. 24.


�Quotations are from Hill, op.  cit., note 37.


� Reference Manual, p.  161, citing the first edition of Rothman’s text; cf.  also, Rothman and Greenland, op.  cit.  note 35: “To some extent, this is a reasonable argument, but, as Hill himself acknowledged, the fact that an association is weak does not rule out a causal connection…a strong association is neither necessary nor sufficient for absence of causality.” (pp.  24-25).


�It is by no means required that the same effect be seen in every study.  The situation is not unlike a doctor confronting a set of x-rays, one or more views of which (but not all) show a tumor.  He does not disregard this evidence because not all views reveal the mass.


�	Rothman and Greenland, op cit at p. 25.


�"The lack of a dose-response relationship is fairly weak evidence against causality.  The measure of exposure may be misclassified, there may be a threshold necessary for the exposure to cause the disease, there may be bias in the measure of exposure.  The presence of a dose-response relationship is relatively strong evidence for causality.” Monson R, Occupational Epidemiology, 2nd Edition, CRC Press, Boca Raton, FL 1990


�A similar comment is made by Rothman and Greenland, op.  cit., note 35, p.  26.


�Hill writes, concerning the modern appreciation of typhus as a disease spread from rats to humans via fleas, "It was lack of biological knowledge in the 19th [century] that led a prize essayist writing on the value and the fallacy of statistics to conclude, amongst other 'absurd' associations, that 'it could be no more ridiculous for the stranger who passed the night in the steerage of an emigrant ship to ascribe the typhus, which he here contracted, to the vermin with which bodies of the sick might be infected'.” Hill, op.  cit., note 37.


�This was rejected by the District Court and by Judge Kosinski in the Daubert remand, however. As Hill's writings show the reasoning is not scientifically incorrect in and of itself, and taken together with other evidence could well be determinative in the usual course of medical practice. Cf. discussion of Dr. Palmer's testimony in the Daubert remand. Op. cit., note 6.


�		In the Daubert remand Judge Kosinski argued that evidence about Bendectin's similarity to thalidomide was not admissible because it only showed the "possibility of causation," which did not meet the standard of "preponderance of the evidence.” This, however, is a misunderstanding of the role this evidence plays in the demonstration of causation.  It should properly have been seen as an element in establishing internal validity, as in this criterion of Hill's, rather than a question of external validity, or generalization, which I discuss below.


�	Sander Greenland, Preface to Austin Bradford Hill, The Environment and Disease:  Association or Causation?, 58 Proceedings of the Royal Society of Medicine (1965) 295 at p. 299 (1965), reprinted in Evolution of Epidemiologic Ideas:  Annotated Readings on Concepts and Methods 15, 19 (S. Greenland, ed., 1987) (my italics).


�	The Reference Manual adds an additional consideration, “Have alternative explanations been ruled out?” (p.  163).  Other writers do not include this on the list as it is usually considered a separate matter.  "Causation" is not just a residual effect after bias and chance have been accounted for, but an independent factor that must be evaluated.  Causation can still operate in the face of chance and bias, each of which are artifacts of the study design.  By contrast, causation is an attribute of the real world.


�	Methodologies for Development of Human Health Criteria and Values, CFR Pt. 132, App. C on Water Quality Guidance (current through May 2, 2000).


�	See Massachusetts Weight of the Evidence Workgroup, Draft Report: A Weight of the evidence approach for evaluating ecological risks,” November 1995 (summarizing the methodology adopted by the International Joint Commission on the Great Lakes.


� 	See, for example, Ibrahim MA, Bond GG, Burke TA, Cole P, Dost FN, Enerline PE, Gough M, Greenberg RS, Halperin WE, McConnell E, Munro IC, Swenberg JA, Zahm SH, Graham JD, “Weight of the evidence on the human carcinogenicity of 2,4-D,” Environ Health Perspect 96:213-222, 1991.  Dr.  Cole is listed as one of Lockheed’s Experts. The workgroup that wrote this Report met at the headquarters of the American Chemical Society and were financed by an association of manufacturers and commercial formulators of 2,4-D.  The Report of this industry group notes: “There is no single correct way to integrate diverse kinds of data, especially when significant scientific uncertainties exist.” 


�	See Bernard D.  Goldstein & Mary Sue Henifin, Reference Guide on Toxicology, in Federal Judicial Center Reference Manual on Scientific Evidence (1994) 181 at p.  186, stating that judges and juries should be allowed to evaluate all information that might be useful in making their decision abut causation.


�There are six such compounds, the remaining ones being three forms of dichloroethylene (DCE) and vinylchloride (VC)  As noted under my background and experience, I have a special research interest in chlorinated ethylenes, having published several papers involving TCE and PCE.  Cf., for example, Ozonoff D, et al.., "Health Problems Reported by Residents of a Neighborhood Contaminated by a Hazardous Waste Facility.” Amer.  J.  Ind.  Med.  11:581-597, 1987; Byers VS, Levin AS, Ozonoff D, Baldwin RW, "Association between Clinical Symptoms and Lymphocyte Abnormalities in a Population with Chronic Domestic Exposure to Industrial Solvent-contaminated Domestic Water Supply and a High Incidence of Leukaemia," Cancer Immunology and Immunotherapy 27:77-81, 1988; Aschengrau A, Ozonoff D, Paulu C, Coogan P, Vezina R, Heeren T, Zhang Y,  "Cancer risk and tetrachloroethylene (PCE) contaminated drinking water in Massachusetts," Archives of Environmental Health, 48:284-292, 1993;  Aschengrau, A, Paulu C, Ozonoff D, "Tetracholoroethylene-contaminated drinking water and the risk of breast cancer, " Environ Health Perspect, 106(suppl4):947-953, 1998.


�Vinyl chloride is a known human carcinogen and regulated as such.  Cf.  40 CFR Part 141.


�Here "better" is meant only relative to the cell itself.  Clearly from the standpoint of the organism this is not a "better running" cell.


�IARC is one of the constituent agencies of the United Nations.  My experience with IARC is that it takes relatively conservative stands resulting from the representation of a number of countries whose environmental and occupational protection records are less than optimal, and who are frequently reluctant to accept the hazards of industrial chemicals of economic importance.


�International Agency for Research on Cancer, Dry Cleaning, Some Chlorinated Solvents and Other Industrial Chemicals, IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, Vol.  63, Lyon 1995, pp.  136-137.


�The question of toxicological mechanism involving peroxisome proliferation is discussed below in section II.C.4.  My evaluation is roughly the same as IARC's.


� Ibid.


� Karstadt M, “Availability of epidemiologic data for chemicals know to cause cancer in animals: an update,” Am J Ind Med 34:519-525, 1998.


�	Ibid. (emphasis added).	
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�Cf. Zoloth S, Michaels D, Villalbi J, Lacher M, "Patterns of mortality among commercial pressmen," JNCI 76:1047- 1051, 1986; Spiegelman D, Wegman D, "Occupation-related risks for colorectal cancer," JNCI 75:813-821, 1985; Hernberg S, Kauppinen T, Riala R, Korkala M, Asikainen U, "Increased risk for primary liver cancer among women exposed to solvents," Scand J Work Environ Health 14:356-365, 1988.


� This study appeared after my Report in the State case was filed.


�	See, for example, Kromhout H, Symanski E, Rappaport S, “A comprehensive evaluation of within- and between- worker components of occupational exposure to chemical agents,” Ann.  Occup.  Hyg.  37:253-270, 1993: “Unfortunately, it seems impossible to predict which groups, based on job title and factory, are more-or-less homogeneously exposed.”).


�	The failings of the Lockheed-Boice study applies in spades to the other alleged epidemiological “studies” that purportedly show that there was no increase in cancer in the census tracts surrounding the Lockheed plant. To my knowledge, there are no such studies. To be sure, one of Lockheed’s experts in the Abel, Dr. Henderson, cited a newspaper article  (Henderson Declaration, para. 72, p. 14) in the November 3, 1996 edition of the Daily News of Los Angeles. Suffice it to say that is hardly a credible, peer-reviewed study (or even a study at all), and it contains no information whatsoever on whether the cases were exposed or not, when they contracted their cancers, what the migration pattern of the census tracts might be (for example, are there many “newcomers” and new subdivisions in this area with people recently moved in, thus diluting the cancer rate of exposed individuals?) or even their geographic relationship to the Lockheed facility (Upwind? Downwind? Close,? Far?). Relying heavily on this kind of incomplete and unreviewed (and possibly inaccurate) newspaper information such as this for an opinion is unacceptable scientific methodology.  The same gross methodological failings apply to Dr. Henderson’s citation of some isolated data from a single census tract south of the Lockheed facility to support his opinion that TCE and Pce are safe for human consumption. Once again, he appeared to make no serious attempt to assess the adequacy of these data for that purpose, to assess the statistical power to detect an increase, to assess routes or levels of exposure to this population, or the adequacy of the analysis (if any). This was not a “study” but merely descriptive data from a single census tract.


� Wartenberg D, Reyner D, Siegel C, “Trichloroethylene and Cancer: Epidemiologic Evidence,” Environ Health Perspect May;108 Suppl 2:161-176, 2000: “Evidence of excess cancer incidence among occupational cohorts with the most rigorous exposure assessment is found for kidney cancer (relative risk [RR] = 1.7, 95% confidence interval [CI] 1.1-2.7), liver cancer (RR = 1.9, 95% CI\ 1.0-3.4), and non Hodgkin's lymphoma (RR = 1.5, 95% CI 0.9-2.3) as well as for cervical cancer, Hodgkin's disease, and multiple myeloma.”


� Garabrant D, Held J, Langholz B, Bernsn L, “Mortality of aircraft manufacturing workers in southern California,” Am J Ind Med 13:683-693, 1988;


�Spirtas R, Stewart PA, Lee JS, Marano DE, Forbes CD, Grauman DF, Pettigrew HM, Blair A, Hoover RN, Cohen JL, "Retrospective cohort mortality study of workers at an aircraft maintenance facility. I. Epidemiological results," Br J Indust Med 48:515-530, 1991.


�An attempt was made to estimate relative exposure on the basis of job title. Cf. articles by Kromhout, et al.. and Rappaport et al.., op. cit., note 84, for the misclassifications likely to result from this method.


� Blair A, Hartge P, Stewart PA, McAdams M, Lubin J.  “Mortality and cancer incidence of aircraft maintenance workers exposed to trichloroethylene and other organic solvents and chemicals: extended follow up,” Occup Environ Med 55:161-171, 1998.  This is a follow up to Spirtas et al., discussed above.


� Dosemici M, Cocco P, Chow W-H, “Gender differences in risk of renal cell carcinoma and occupational exposures to chlorinated alphatic hydrocarbons,” Am J Ind Med 36:54-59, 1999.


� Asal NR, Geyer JR, Risser DR, Lee ET, Kadamani S, Cheng N, “Risk factors in renal cell carcinoma. II. Medical history, occupation, multivariate analysis, and conclusions,” Cancer Detect Prev 13:263-279, 1988; Mellengaard A, Olsen JH, McLaughlin JK, Engholm G,”Occupational risk factors for renal-cell carcinoma in Denmakr,” Scand J Work Environ Health 20:160-165, 1994.


� Dosemici et al..  also note drily that Dr.  McLaughlin’s published review of kidney cancer and TCE exposure does not note that “[i]n some of the articles reported in this review, women emplopyed in the dry-cleaning industry showed excess risk of [kidney cancer],” and citing four studies.


� Morgan R, Kelsh M, Zhao K, Heringer S, “Mortality of aerospace workers exposed to trichloroethylene,” Epidemiology 9:424-431, 1998.


�	 	The method of using only SSA files to asc


ertain vital status as given in the published version of the Morgan study, can lead to serious undercounting. The National Death Index (NDI) provides a fairly complete record of deaths after 1979, but did not exist before then. In earlier years SSA files were routinely and successfully used for these types of studies, but in 1988 the Social Security Administration replaced its old system with a new Death Master File (DMF) for use in searching prior to 1979. Schnorr and Steenland compared the DMF results with a list of known decedents from seven previously established cohorts. Only 75% of the known deaths in the cohort were found successfully by the DMF, with the best results in the 1975-1979 period (89% – 95%). Reanalyzing two cohorts by excluding deaths not found by the DMF resulted in a 20% - 35% decrease in the SMRs and dose-response trends. Their conclusion was that the DMF is inadequate for vital status determination in cohort mortality studies for any cohort with a substantial number of deaths prior to 1979. Roughly two-thirds of the follow-up time for the Morgan et al.. study was before this date. The undercounting found by Schnorr and Steenland during some of this period is severe: For the period 1950-54, only 1.7% of deaths were found in the DMF; for 1955-59 only 3.7%; from 1960-64 only 20.6%, from 1965-69 only 53.1%, and even as late as 1970-74, only 72.7%. Over the entire follow-up period, to 1991 the undercount by DMF is about 38%. 


�Axelson O, Selden A, Andersson K, Hogstedt C, "Updated and expanded Swedish cohort study on trichloroethylene and cancer risk," J Occup Med 36:556-562, 1994.


� Note that Axelson uses arithmetic means (always higher than the geometric mean often used here), while the 6 mg/L figure just cited in the IARC Monograph is a median, much less subject to highly skewed distributions such as those typical of these measurements. Thus the difference in published values for unexposed populations and the bulk of Axelson's study subjects is even less than apparent from these figures.


�Cf. recent work on this subject: Rappaport S, Kromhout H, Symanski E, "Variation of exposure between workers in homogeneous exposure groups," Am Ind Hyg Assoc J 54:654-662, 1993; Rappaport SM, Symanski E, Yager JW, Kupper L, "The relationship between environmental monitoring and biological markers in exposure assessment," Environ Health Perspect 103(Suppl 3):49-54, 1995; Kromhout H, Symanski E, Rappaport S, "A comprehensive evaluation of within- and between-worker components of occupational exposure to chemical agents,” Ann Occup Hyg 17:253-270, 1993.


�Anttila A, Pukkala E, Sallmen M, Herberg S, Hemminki K, "Cancer incidence among Finnish workers exposed to halogenated hydrocarbons," J Occup Med  37:797-806,1995 


� Tola S, Vilhunen R, Jarvinen E, Korkala M-L, “A cohort study on workers exposed to trichloroethylene,” J Occup Med 22:737-740, 1980.


�3089 men and women in Anttila versus 1421 men in Axelson.


�The cautions with regard to U-TCA noted earlier in Axelson's study apply here as well. The resulting effects of exposure misclassification would tend to reduce the TCE association, not produce a false one.


� 1,1,1-trichloroethane (TCA) and chlorofluorocarbons were used to a lesser extent for special purposes like furs as well.


� Blair A, Stewart PA, Tolbert PE, Grauman D, Moran FX, Vaught J, Rayner J, “Cancer and other causes of death among a cohort of dry cleaners,” Br J Indust Med 47:162-168, 1990.


� The IARC Monographs include this guideline in their preamble about evaluating studies of human cancer: “Experience with human cancer indicates that, in some cases, the period from first exposure to the development of clinical cancer is seldom less than 20 years; latent periods substantially shorter than 30 years cannot provide evidence for lack of carcinogenicity.” (p.  17 of IARC Monograph 63, cited above).


� Ruder A, Ward E, Brown D, “Cancer mortality in female and male dry-cleaning workers,” J Occup Med 36:867- 874, 1994.


�Henschler D, Vamvakas S, Lammert M, Dekant W, Kraus B, Thomas B, Ulm K, "Increased incidence of renal cell tumours in a cohort of cardboard workers exposed to trichloroethylene," Arch Toxicol 70:131-133, 1995.


� This view was taken by some on the IARC panel, who reviewed a manuscript of the study.


� Vamvakas S, Bruning T, Thomasson B, Lammert M, Baumuller A, Bolt HM, Dekant W, Birner G, Henschler D, Ulm K, “Renal cell cancer correlated with occupational exposure to trichloroethene,” J Cancer Res Clin Oncol 124:374-382, 1998.


� Bruning T, Lammert M, Kempkes M, Their R, Golka K, Bolt H, “Influence of polymorphisms of GSTM1 and GSTT1 for risk of renal cell cancer in workers with long-term high occupational exposure to trichloroethene,” Arch Toxicol 71:596-599, 1997.


� Bruning T, Weirich G, Hornauer MA, Hofler H, Brauch, “Renal cell carcinomas in trichloroethene (TRI) exposed persons are associated with somatic mutations in the von Hippel-Linday (VHL) tumour suppressor gene,” Arch Toxicol 71:332-335, 1997.


� Brauch H, Weirich G, Hornauer MA, Storkel S, Wohl T, Bruning T, “Trichloroethylene exposure and specific somatic mutations in patients with renal cell carcinoma,” JNCI 91:854-861, 1999.


� The paper reports this percentage as 39%, but an examination of the tables shows the true number is 29% (13/44).


� Woburn is an industrial town of 35,000 people 13 miles northwest of Boston.


�Cf.  comments by MacMahon, Prentice, Rogan, Swan and Robins, and Whittemore following  Lagakos S, Wessen B, Zelen M, "An analysis of contaminated well water and health effects in Woburn, Massachusetts," J Am Stat Assoc 81:583-596, 1986.  


� Massachusetts Department of Public Health, Woburn Childhood Leukemia Follow-up Study: Final Report, Volumes I (Analyses) and Volume II (Appendices) MDPH Bureau of Environmental Health Assessment, July 1997.


� The Lagakos study used the Waldorf-Cleary Model, while the refined model used here is known as the Murphy Model.


� Lowegart RA, Peters JM, Cicioni C, Buckley J, Bernstein L, Preston-Martin S, Rappaport E, “Childhood leukemia and parents’ occupational and home exposures,” JNCI 79:39-46, 1987.


�Aschengrau, A. and Ozonoff, D. Upper Cape Cancer Incidence Study. Final Report. Massachusetts Department of Public Health, Boston, January 9, 1992,  700 pp; Aschengrau, A., Ozonoff, D. Paulu, C., Coogan, P. Vezina, R., Heeren, T., Zhang, Y.,  “Cancer risk and tetrachloroethylene (PCE) contaminated drinking water in Massachusetts,” Archives of Environmental Health, 48:284-292, 1993; Aschengrau, A, Paulu C, Ozonoff D, "Tetracholoroethylene-contaminated drinking water and the risk of breast cancer, " Environ Health Perspect, 106(suppl4):947-953, 1998; Paulu C, Aschengrau A, Ozonoff D, “Tetrachloroethylene-contaminated drinking water in Massachusetts and the risk of colon-rectum, lung, and other cancers,” Environmental Health Perspectives, 107:265-271, 1999


�Fagliano J, Berry M, Bove F, Burke T, "Drinking water contamination and the incidence of leukemias: an ecologic study," Am J Public Health 80:1209-1212, 1990.


� Cohn P, Klotz J, Bove F, Berkowitz M, Fagliano J, "Drinking water contamination and the incidence of leukemia and non-Hodgkin's lymphoma," Environ Health Persepct 102:556-561, 1994.


� PCE also seemed associated with lymphoma, but because many towns with PCE contamination also had TCE contamination it was more difficult to interpret the results as due only to PCE.  


� The term semi-individual for these studies seems to have been coined in Kunzli N, Tager IB, “The semi- individual study in air pollution epidemiology: a valid design as compared to ecologic studies,” Environ Health Perspect 105:1078-1083, 1997.


� I refer specifically to a Classical Error Model or the so-called Berkson Error Model.  Good (but highly technical) treatments can be found in Fuller WA, Measurement Error Models, Academic Press, 1987; Carroll RJ, Ruppert D, Stefanski LA, Measurement Error I Nonlinear Models (Monographs on Statistics and Applied Probability 63), Chapman & Hall/CRC Publishers, 1998.  Applications to the aggregation bias problem can be found in Steenland K, Deddens JA, “Design and analysis of studies in environmental epidemiology,” In: Steenland K, Savitz D (eds) Topics in Environmental Epidemiology, Oxford University Press, 1997, p.  23.


� In fact, there is no measurement bias at all in a semi-individual study when the group mean is used for exposure, as might be expected, since least squares estimation regresses the expected value of the outcome on the mean of the exposure. When substituting the mean, one does not bias this result. However there can be a magnification of the confounding bias, whose direction depends upon the error structure (it can go in either direction or even change sign).


� This might be expected from their conceded value as “hypothesis generators” (and hence a concession they contain actual information).


�I do not discuss the erythroid or megakaryoctyic series here so as to keep the exposition clearer.


�Weisenburger DD, "Pathological classification of non-Hodgkin's lymphoma for epidemiological studies," Cancer Res (Suppl) 52:5456s-5464s, 1992.


�Rosenthal S, Canellos GP, Whang-Peng J, Gralnick HR, "Blast crisis of chronic granulocytic leukemia. Morphologic variants and therapeutic implications," Am J Med 63:542-547, 1977; Rosenthal S, Canellos GP, DeVita VT Jr, Gralnick HR, "Characteristics of blast crisis in chronic granulocytic leukemia," Blood 49:705-14, 1977.


� Hershfield MS, Kurtzberg J, Harden E, Moore JO, Whang-Peng J, Haynes BF, "Conversion of a stem cell leukemia from a T-lymphoid to a myeloid phenotype induced by the adenosine deaminase inhibitor 2'-deoxycoformycin," Proc Natl Acad Sci USA 81:253-257, 1984.


�	Cohn et al., p.  556 (my emphasis).


�	 The example I have in mind here is 2-acetylaminofluorene (2-AAF) versus 4-AAF. This does not precisely apply to TCE and PCE, since we know that both TCE and PCE are animal carcinogens, but the general principle should be clear.


�	 Environmental Studies Board, National Academy of Engineering and Committee on Toxicology, National Research Council. Principles for Evaluating Chemicals in the Environment. National Academy of Sciences, 1975, p. 21. Cf. also, Gochfeld M. “Principles of Toxicology,” in Chapter 16 of Last JM and Wallace RB, Maxcy-Rosenau-Last Public Health & Preventive Medicine, 13th edition, Appleton and Lange, 1992, p.  317: “...chemicals that are structurally similar may have similar types of toxic effects on the body...This forms the basis for much pharmaceutical research, the quest for agents that have a desired effect without undesired side effects. Understanding structure-activity relationships is important in toxicology because one can often infer the effects of a chemical by knowing the effects of related compounds. “ 


�	 Benigni R. “The first US National Toxicology Program exercise on the prediction of rodent carcinogenicity: definitive results,” Mut Res 387:35-45, 1997. Cf. p. 44.


�	 Ulm K, Henschler D, Vamvakas S. “Occupational exposure to perchloroethylene,” Cancer Causes and Control 7:284- 286, 1996. The authors give two reasons for specifically looking for kidney cancer in studies of PCE: “First, the positive results of animal experiments, and second, the increased risk to a related compound, trichloroethylene (TRI).” p. 284.


�	 See, for example, Cullen MR, Rosenstock L, Brooks SM. “Clinical approach and establishing a diagnosis of an environmental medical disorder,” Ch. 18 in Brooks SM, Gochfeld M, Herzstein J, Jackson RJ, Schenker MB (eds.) Environmental Medicine Mosby, 1995:  “It may be added that the environmental exposure may be only a contributing factor to disease and would not be the sole cause. Indeed, most disease is multifactorial, and the exposure may represent only one factor contributing to disease pathogenesis.” (p. 221).


�	 An excellent account of the main discoveries that have made this possible can be found in Weinberg’s memoir of his discovery of oncogenes, Racing to the Beginning of the Road, Basic Books, 1996. 


�	"...if there is strong evidence that a chemical is carcinogenic in appropriate laboratory animal test systems, it must be treated as if it were carcinogenic in humans.” From Rall D,"Relevance of Results from Laboratory Animal Toxicology Studies," in Chapter 13, Toxicology of Environmental Disease, Public Health and Preventive Medicine, 12th Edition, ed.  by  J.  Last, 1986.     GIVEN THE CONTROVERSY OVER THIS VIEW, PERHAPS WE SHOULD BUTTRESS IT W/ AN ADDITIONAL CITE OR TWO, ESPECIALLY FROM A GOV’T AGENCY                ??????


�	D.P. Rall et al.., Alternatives to Using Human Experience in Assessing Health Risks, 8 Annual Review of Public Health 355 at p. 356 (1987) (emphasis added). 


DAVID: IS THIS THE CORRECT CITE ____???? ____.  YOU DIDN”T GIVE ONE IN YOUR DRAFT OF REPORT.


�Of course there are a variety of important technical details in a well-conducted bioassay, and interpreting the results requires making a judgment by applying the factors noted earlier in this report.  In the case of the bioassays of TCE and PCE, however, it is generally accepted that these chemicals do cause cancer in the animals.  Disagreements, insofar as they pertain to the bioassays, surround the meaning of the results for human exposures.  


�Citations are given below in the form of a table.


�		The proportion of the 100,000 or so chemicals in the stream of commerce that can cause malignant change is not known, although a reasonable estimate is that it is less than 10%, perhaps even less than 1%.  Even the lower figure would mean that some 1000 or so chemicals are carcinogens, more than enough to account for the impression in the public that each month brings discovery of a new chemical that causes cancer.  The rapid succession of such discoveries in recent years is a reflection of th fact that we tended to look first at those chemicals that were suspect on other grounds.  On the other hand, the corollary is that 90%-99% of chemicals are not carcinogens, under any conditions.


�See also his paper, Schneiderman M, Mantel N, Brown C, "From mouse to man--or how to get from the laboratory to Park Avenue and 59th street," Ann NY Acad Sci 246:237-248, 1975.


�Cf., for example, Identifying and Regulating Carcinogens: A Background Paper,  Office of Technology Assessment, US Congress, November, 1987:


"All policies accept the use of animal data as predictive for human beings.  Explicitly or implicitly, all the policies acknowledge that substances shown to be carcinogenic in animals should be presumed to present a carcinogenic hazard to humans."


� Reference Manual, pp. 190-191.
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