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	I. Introduction
	My name is Philippe Grandjean. I have been asked by counsel for the State of Minnesota to provide, from an epidemiological perspective, an evaluation of the human health risks associated with environmental PFC0F  contamination from 3M’s manufacturing ...
	A. Qualifications
	I earned my M.D. and D.M.Sc. degrees from the University of Copenhagen, Denmark, in 1974 and 1978, respectively.
	I serve as Adjunct Professor of Environmental Health at the Harvard School of Public Health (since 2003) and as Professor and Chair of Environmental Medicine at the University of Southern Denmark (since 1982). I previously served for a brief period (1...
	My research in environmental epidemiology focuses on the health effects of exposures to environmental chemicals, including perfluorinated alkylate substances (PFCs or PFASs).a Most of my efforts have concentrated on the effects of environmental pollut...
	I am regularly invited as speaker at international conferences and other scientific events. Regarding PFCs, I was invited to give a special presentation at the meeting of the (U.S.) National Advisory Environmental Health Sciences Council (at the Natio...
	I am (Founding) Editor-in-Chief of the open-access scientific journal, Environmental Health (since 2002), which ranks among the upper 25% of journals in the field. I also serve or have served on editorial boards of about a dozen journals within medici...
	I have served on, sometimes chaired, or acted as rapporteur for, expert committees under the auspices of the WHO, the International Agency for Research on Cancer (IARC), EPA, the European Commission, the European Food Safety Authority (EFSA), and othe...
	I have previously served as an expert witness in the U.S. regarding mercury pollution. In that regard, I wrote an expert report and testified in deposition and at trial in the case Maine People’s Alliance v. Holtrachem Manufacturing Co. in 2002 and ag...
	A copy of my most recent CV is attached as Exhibit B. A list of publications which I authored or co-authored, including those of the past 10 years, is attached as Exhibit C.

	B. Materials relied upon
	For the purposes of this report, I have relied in part on my own epidemiological research and publications concerning PFCs. I also have reviewed the epidemiological literature concerning studies by others on the human health risks associated with expo...
	In addition to epidemiological studies, I have considered certain supporting toxicological information from laboratory animal studies and in vitro models, but I do not necessarily provide a complete review of all such supporting evidence, as my focus ...
	I have had access to reports of certain studies which were commissioned or sponsored by 3M, to documents filed by 3M with the EPA, and to documents provided in connection with the discovery phase of the court proceedings. I comment as to certain of th...
	While preferentially citing studies published in peer-reviewed journals, and relying on my own research experience, I cite the additional sources that I consider most relevant. Published literature is referred to by numbers in square brackets, and the...

	C. Exhibits
	I may use as exhibits part or all of any of the documents or papers cited in this report including this report itself; graphs or tables drawn from data in any of those documents or papers; any document helpful as foundation for or illustration of my t...

	D. Updates and reservation
	The opinions expressed in this report are my own and are based on the data, documents, and facts available to me at the time of writing. Should additional relevant or pertinent information become available, I reserve the right to supplement the discus...

	E. Compensation
	I am being compensated at the rate of $250 per hour for my time, which is my customary rate for matters of this type. My compensation does not depend in any way on the content of my opinions.

	F. Previous service as expert at deposition or trial during last 4 years
	Maine People’s Alliance and Natural Resources Defense Council, Inc. v. Holtrachem Manufacturing Company, LLC and Mallinckrodt US LLC, Case No. 1:00-cv-00069-JAW, United States District Court for the District of Maine.


	II. Summary of Opinions
	The major opinions expressed in this report, which are described below in more detail along with more minor and supportive opinions, can be generally summarized as follows:

	III. Background on PFC Production and Contamination
	A. An abbreviated history of PFC production
	By way of brief background, my understanding of the history of PFC production is basically as follows.
	Perfluorinated compounds (PFCs) have a wide range of applications, and they have been in use for over 60 years. PFCs were first manufactured by 3M in Cottage Grove, Washington County in Minnesota, in 1947 or shortly thereafter.
	Perfluorooctane sulfonyl fluoride (POSF) was a main product for producing other PFC compounds, especially PFOA, but PFOS, PFBA and other PFCs were also produced, along with a variety of branched isomers, mostly with 4 to 9 carbons. Some of the PFC pro...
	Global environmental dissemination became publicly known by about 2000 (but as is mentioned below was known by 3M many years earlier). A phase-out of commercial PFOS and PFOA production from the end of 2002 was announced by 3M in 2000.
	The academic research community (outside 3M) became aware of the environmental dissemination of PFCs following reports on world-wide dissemination and the legal proceedings regarding the contamination of the Upper Ohio River Valley. These experiences ...

	B. Widespread, persistent environmental contamination
	Also by way of background, I outline my basic understanding of PFC environmental contamination.
	Major physicochemical properties of PFCs were characterized in publications as early as 1951 [11]. Standard chemical handbooks listed PFC vapor pressures and water solubilities at least by the 1970s (although they may not have been accurate). Many PFC...
	PFCs do not occur naturally. Many PFCs show high thermal, chemical and apparent biological inertness, properties that made them useful for certain industrial purposes, though at the same time also rendering these compounds an environmental hazard due ...
	Although most PFCs are oleophobic and therefore do not accumulate in fatty tissues (in contrast to dioxin and other persistent halogenated compounds), especially PFOS is now known to bioaccumulate in aquatic and marine food chains. In collaboration wi...
	Internal 3M reports from 1998 (apparently not published) also confirmed the occurrence of PFOS in bald eagles from Minnesota and Michigan,3F  and in marine food chains involving seals, sea lions, killer whales and porpoises.4F  As a major, and sometim...
	Long-range aqueous transport — e.g., via the Mississippi River, groundwater and ocean currents — allows PFCs in their soluble anionic forms to reach remote locations. In addition, several precursor compounds can be metabolized to PFOA and PFOS in the ...
	In late 1998, 3M environmental scientist Richard Purdy wrote to his 3M colleague, Georjean Adams, and suggested that his food chain risk assessment demonstrated a significant risk that should not be kept confidential.5F  In another email, Purdy referr...
	On the basis of these studies and other evidence, the concerns about ignored environmental risks made Dr. Purdy seek to resign in 1999 due to his “profound disappointment in 3M’s handling of the environmental risks associated with the manufacture and ...
	Dr. Purdy called PFOS the most “insidious pollutant since PCB” (i.e., polychlorinated biphenyls, industrial chemicals that were banned in the US in 1979 and included among the “dirty dozen” in 2001 when the Stockholm Convention was launched by the Uni...

	C. Environmental contamination in Minnesota
	I understand that, not surprisingly, PFC contamination has occurred in the environment remotely from the production site and at particularly elevated concentrations in areas proximate to 3M’s facilities and disposal sites. The PFC releases have affect...

	D. Drinking water contamination
	1. PFC disposal practices
	It is my understanding that in Minnesota, waste from the 3M production processes was disposed both at on- and off-site locations. Sources of contamination include 3M’s Cottage Grove manufacturing facility. Disposal facilities used by 3M from about 195...
	In 1966, DuPont, which purchased PFCs from 3M to make Teflon, among other things, decided that wet Teflon scrap should no longer go to a municipal land-fill in the Upper Ohio River Valley but instead should be kept on the plant for “disposal at sea at...

	2. PFCs discovered in drinking water sources
	It is my understanding that, after the disposition of PFC waste became known at the Minnesota Pollution Control Agency (MPCA), a method for chemical analysis of water for PFOA and PFOS was established. Soon after that, PFCs were identified in samples ...
	Subsequently, PFC contamination was found in the groundwater further away in both Washington and Dakota Counties. In Oakdale, the average PFOA concentration in the municipal water was 0.57 µg/L (or 570 ng/L), i.e. before the special water treatment wa...
	For comparison, the current EPA limits for PFOS and PFOA in water are 0.07 µg/L, and the 2009 MDH Health Risk Limits (HRLs) for PFOA and PFOS in water were both 0.3 µg/L. In 2011, MDH developed limits for perfluorobutane sulfonate (PFBS) and perfluoro...
	Most efforts to date to characterize the extent of the pollution in Minnesota have focused on drinking water exceeding the MDH HRLs for PFOA and PFOS, as complemented by biomonitoring studies of PFC concentrations in serum of residents consuming this ...
	Although some older water analyses of questionable quality have been identified [18], it is not known precisely when the groundwater contamination began, but I understand that the plume of contaminated ground water likely reached private wells and com...
	The State has determined that, by now, over 100 square miles of groundwater have been contaminated by 3M’s disposal of PFCs, and the source of residential drinking water for tens of thousands of Minnesotans has thus been affected by the PFC waste disp...
	Four of eight Oakdale municipal wells were discovered to be contaminated with PFOA and PFOS above MDH 2017 Health Based Values for drinking water, thus affecting up to 6,655 households supplied with the municipal water. Also, several hundred private w...
	As PFCs are not removed from drinking water by standard treatment processes, a large granular activated carbon system was installed on the two most contaminated wells in Oakdale, and these wells were then used preferentially. This system is known to r...
	PFBA contamination also was and is present in Minnesota drinking water sources. Indeed, it may be more widespread due to the greater mobility of this compound, and because this PFC seems to pass carbon filters more easily. PFBA water contamination has...
	In a parallel setting in the Upper Ohio River Valley (West Virginia and Ohio), drinking water wells as far as 20 miles away were contaminated by releases from a Dupont industrial facility using PFCs from 3M. PFOA was detected in public water supply we...


	E. Other contaminated sources affecting humans
	1. Fish
	I understand that effluents from the 3M Cottage Grove facility and from the off-site waste deposit sites led to discharges into the Mississippi River and some Minnesota lakes [18]. State and EPA scientists have documented PFC pollution of Lake Elmo an...
	PFC-contamination of waterways results in biomagnification in aqueous food chains, with PFOS apparently causing greater accumulation than PFOA or PFHxS PFHxS [20-22]. Increased PFC concentrations have been found in fish in the greater metropolitan are...
	In another study of fish from Mississippi Pool 2, concentrations in bluegill, freshwater drum, smallmouth bass, and white bass fillet tissue ranged from 3.2 to 757 ng/g, with an overall mean PFOS concentration for all fish fillet of 46 ng/g wet weight...
	Consumption of a meal sized portion (200 g, or 6.5 ounces) of this fish would then lead to average exposures of 150 ng/kg body weight (BW) for an adult weighing about 60 kg. Even though such dinners might not happen daily or weekly, the magnitude of t...
	Water at the previous MDH limit of 0.3 µg/L would contribute about 10 ng/kg BW per day (assuming about 2 L of water consumption for a 60-kg adult). Thus, fish from contaminated waters can be an important additional source of intake. Based on similar c...

	2. Breast milk
	Recent data support that U.S. children have higher serum concentrations than adults [25, 26]. As a potential contributor, evidence has accumulated that PFCs are excreted in human milk [27]. Analyses of paired samples of maternal serum, cord serum, and...
	These observations are in accord with a 3M-sponsored study on EtFOSE and FC-95 (PFOS) carried out in goats, as indicated by an email to Dr. Larry Zobel in early 1998.15F  The first studies on transfer into milk were apparently carried out in 1993, as ...
	In a two-generation study involving rats published by 3M’s Dr. Butenhoff and coauthors in 2004, pup weights in the highest dose group were consistently decreased throughout the lactation period [31]. This study also found a slight but statistically si...
	Accordingly, the recent publications on PFC transfer via human milk [27, 30] do not represent a discovery, but rather a re-discovery of a mechanism identified by 3M much earlier, in 1993, in studies that 3M did not disclose publicly. The relevance of ...
	Additional to PFCs in maternal milk, infants fed formula prepared with contaminated drinking water also could be substantially exposed to PFCs. Observed ratios between PFOA concentrations in drinking water and human serum and between concentrations in...
	Of related concern, several studies support that U.S. children have higher serum concentrations than adults [25, 26]. This tendency is also reflected by serum-PFC concentrations in other populations, e.g., in my own team’s study of Faroese children [3...
	Given that PFCs are eliminated in human milk [27], women will decrease their own serum concentrations by each pregnancy and the duration of lactation [36]. Although advantageous to the women, children will absorb greatly increased PFC doses, and they ...
	I note that the accumulated evidence on exposure via breastmilk as well as transplacental passage, in May of 2017 led the MDH to revise downward the limits for PFOA and PFOS in drinking water [37].

	3. Consumer goods and other sources of exposure
	Other PFC exposure pathways likely contribute to background exposures that affect residents of Minnesota and the U.S. population in general. For example, PFCs are used in a variety of consumer goods, including certain textiles [41]. PFCs from textiles...
	Several of the exposure sources may be interrelated, as local production and point sources may contribute to human exposures via more than one pathway. Air pollution from a production facility can result in inhalation exposure, and dust deposition wil...
	Due to the stability of the PFCs, releases from sources in Minnesota also contribute to global cycling of these substances, thus adding to the so-called background contamination levels, e.g., in marine fish, some of which are also marketed in Minnesot...

	4. Summary on exposures
	In conclusion, many thousands, probably tens of thousands of residents in the East Metro area and nearby communities have been exposed to PFCs from environmental pollution that has particularly affected drinking water and freshwater fish. The contamin...



	IV. HUMAN EXPOSURE TO PERFLUORINATED COMPOUNDS
	A. Early knowledge of human exposure
	By way of background, I first outline the early information on human exposures to PFCs, including information in relation to 3M.
	Apparently, the first public report that suggested that the general population had been exposed to fluorine-substituted organic compounds appeared in Nature in 1968 [42], where Dr. Donald Taves from the University of Rochester showed that serum protei...
	The occurrence of PFCs in the human body was further characterized when fluoride in blood samples was found to be partially bound to organic compounds of unknown structure and that they were bound to albumin [42, 43].
	As would have been predicted by the known chemical properties of the PFCs, laboratory animal studies soon confirmed that PFCs are easily absorbed, both from oral intake and inhalation [4, 17, 44]. Even some dermal absorption has been documented follow...
	It appears that 3M started measuring worker blood samples for organic fluorine by about 1976. In 1979, they measured five workers’ serum PFOS concentrations and found the levels to be 100-fold higher than the expected level. Total organic fluorine was...
	A further report from Dr. Taves and his colleagues in 1976 extended their studies and showed that there was widespread contamination of human tissues with organofluorine compounds which likely derived from commercial sources such as PFOA (or PFOS, as ...
	Dr. W.S. Guy, one of the authors of this later report, informed 3M by telephone in 1975 that the study was going to be published soon at the annual American Chemical Society conference. In this regard, 3M’s J.D. LaZerte noted that the authors were “at...
	In the late 1970s, at the time when Dr. Taves and his co-workers were identifying organofluorine compounds in blood samples, landmark cases of environmental pollution were unfolding, one of them Love Canal close to the Niagara Falls in upstate New Yor...
	After the institution of regular blood testing at 3M’s production facility in 1976, the 3M medical service team noticed, by September of 1984, an increasing trend in worker organic fluorine concentrations in blood and advised “we must view this presen...
	One action taken by 3M was to search to see if it could find any blood samples that were free of organofluorine compounds. When that was unsuccessful, the following conclusion was proposed in an internal document: “It is in the interest of 3M to stren...
	As analytical methods became more sophisticated in the 1990s (with LC-MS instrumentation), specific compounds, such as PFOA, were identified and determined in serum samples from exposed workers.
	In May of 1998, 3M reported to the EPA the finding of PFOS in blood samples from the general population.22F  In September of that year, Battelle, a 3M contractor, assessed data quality on 12 data sources provided by 3M on PFOS concentrations from non-...
	Subsequently, the Centers for Disease Control found that almost all blood samples collected from a representative sample of Americans above 12 years of age during the 1999-2000 cycle of the National Health and Nutrition Examination Survey (NHANES), co...
	Overall, it appears to have taken 3M about 25 years to accept and publicly disclose the dissemination of PFCs into the environment, thereby affecting very large populations. Still, even after PFCs were discovered in local drinking water, a 3M executiv...

	B. Detection and distribution of PFCs in humans
	Although most studies have relied on analyzing serum or plasma PFC concentrations (which are very similar), those measures may not accurately reflect the amounts of PFCs retained in the body overall. For example, PFCs may not show the same partition i...
	Some PFCs are rarely detected in human blood or serum, as they accumulate in internal organs. Thus, when PFC retention in tissues was determined at 99 autopsies, PFBA was the PFC most commonly detected in kidney and lung and also showed the highest co...
	With this caveat, serum-PFC analyses are still useful for exposure assessments for some of the PFCs. Thus, the Centers for Disease Control and Prevention (CDC) have focused on serum samples collected in connection with the NHANES [50]. These data show...
	The long-chain PFCs are persistent in the human body and therefore stay in the blood and in organs for a long time. They may be excreted in urine, though only slowly, and the elimination half-lives are several years. This means that a continuing expos...
	From serial analyses of serum samples from former 3M production workers after retirement, half-lives for long-chain PFCs have been estimated to be ~3years (PFOA), ~5years (PFOS), while most short-chain PFCs have a relatively short T½ in serum of ~3day...
	Accordingly, these half-life calculations are not precise. Also, the correlation between PFC chain length and half-life is not absolute in that, for example, the six-carbon chain (C6) PFHxS has one of the longest half-lives, while eight-carbon chain (...
	Since 1999-2000, serum PFOS concentrations in NHANES have shown a significant downward trend, presumably because of discontinuing industrial production of PFOS in the U.S. In contrast, the PFOA concentrations during 1999-2000 were higher than during a...
	Laboratory animals, especially the rat, show different retention patterns and even sex-related differences in elimination rates. Most laboratory animals have much shorter elimination half-lives than humans. In interpreting toxicology studies, the spec...

	C. Serum analyses from Minnesota residents
	The first data on serum PFOA and PFOS concentrations in residents of the affected communities, beyond 3M employees, were obtained by MDH while the drinking water was substantially contaminated. They showed average serum PFOA and PFOS concentrations of...
	Two years later, a follow-up study was carried out to examine changes in serum-PFCs since the first specimens were collected [54, 63]. The study covered households served by the Oakdale municipal water supply and households with contaminated private w...
	A total of 164 of the participants from 2008 were re-examined on this occasion, and serum concentrations had declined on average by 21% (PFOA); 26% (PFOS); and 13% (PFHxS) [63]. Assuming elimination half-lives of 3, 5, and 9 years, for the three PFCs,...
	As the publicly available summaries do not provide much detail [54, 63, 64], I have examined the MDH database from the first study to carry out some complementary statistical analyses. Thus, in the questionnaire used, the study participants were asked...
	Regarding the latter, the participants were asked how often they consumed fish or shellfish caught from lakes and rivers in the local area, and only 11 of 161, who responded to the question in 2010, said yes, possibly because they were sports fishers ...
	Otherwise, the highest reported serum-PFC concentrations have been encountered in production employees, and 3M worker concentrations of PFOA have ranged up to 100 µg/mL, or 100,000 ng/mL, with more recent values being lower [66]. Analysis for perfluor...

	D. Serum analyses from other populations
	1. Mid-Ohio River Valley
	In the similar setting in the Upper-Ohio River Valley in West Virginia, where PFOA concentrations in drinking water in affected communities averaged about 3,500 ng/mL, the median serum-PFOA concentration in exposed residents was 374 ng/mL [65], about ...
	This average ratio between PFOA in drinking water and in serum of participants is consistent with the data from 98 East Metro residents with private wells [63], if the expected post-exposure decline in serum concentrations is taken into account. Thus,...
	Thus, like in the Mid-Ohio River Valley, water contamination is a very substantial source of PFC exposures in Minnesota, even if the previous MDH water limit of 0.3 µg/L (300 ng/L) was not exceeded. (As discussed in Section IX, I conclude that MDH’s p...

	2. International comparisons
	Internationally, where they have been measured, average serum concentrations appear to be fairly similar to those obtained from NHANES by CDC, though with higher levels, e.g., in Inuit populations [69]. Our own studies in the Faroe Islands have shown ...


	E. Conclusions on PFC exposure in Minnesota residents
	PFOA and PFOS are long-chain PFCs that are very stable in the body and also have long half-lives in serum concentrations. PFHxS is shorter chain, with six carbons, but has a longer half-life in the serum than PFOA and PFOS. PFBA is more quickly elimin...
	For an unknown period that may have lasted decades, residents in the affected area have consumed drinking water contaminated with PFOA and other PFCs. Locally caught freshwater fish and, to some extent, local farm produce mostly likely added to the ex...
	As recently as 2010, serum PFOA and PFHxS concentrations in residents in the affected communities show up to 100-fold excesses above national averages, and PFOS concentrations 10-fold above U.S. average levels. To the extent that residents outside Eas...
	Exposure patterns change with time. Eight major producers (including 3M) participate in the phase-out of PFC emissions, through an  agreement with the EPA, with the aim of reducing and then eliminating global facility emissions and product content of ...
	Although serum PFC concentrations are known to be decreasing in the U.S. population, the cumulated PFC burdens of residents (past and present) of the affected communities will remain above national levels for many years to come.


	V. METHODOLOGICAL ISSUES IN RISK EVALUATION
	A. Interpretation of epidemiology studies
	Because it would be unethical to conduct experimental studies in humans with substances that may cause cancer or other serious effects, the main human epidemiological evidence on the PFCs comes from observational studies of occupational cohorts and fr...
	1. Occupational studies
	The existing occupational studies mainly regard males and are generally cross-sectional, with only few providing follow-up over several years. In some studies, blood analyses provide information on accumulated exposure levels at the point of time wher...
	Information from cross-sectional or prospective studies of worker populations exposed to highly increased levels of PFOA and other PFCs is useful, but can be complex to interpret. For example, follow-up studies of workers can show an overall mortality...
	Partial adjustment may be achieved by using occupational comparison groups that have not been exposed to PFCs or other hazards. Another local occupational group might avoid “healthy worker” selection bias and geographical differences, but one must the...
	3M’s Drs Geary Olsen and Larry Zobel were clearly aware of these issues when they commented, in 2006, on Dr. Bruce Alexander’s draft version of a manuscript that was later published with a revised title, with Dr. Olsen as a co-author [76]. The 3M coll...
	As a further concern, mortality statistics are limited by numbers of deaths and provide little information about diseases that are rare, occur mainly in the elderly or that are not reflected well by mortality data that may not include all contributing...

	2. General population studies
	Highly relevant information regarding environmental health risks often originate from prospective studies of cohorts generated within the general population. For PFCs, this can mean either local communities affected by contamination of drinking water ...
	Many studies, also in exposed communities, are limited by uncertain chronic PFC exposure information (in part because early exposure measurements or estimates, when available, may have been inaccurate). Studies with prospective information on exposur...

	3. Bias toward the null
	In the field of epidemiology, there is a well-known and often misleading bias toward the null, of which epidemiologists (and readers of epidemiology reports) need to be careful, especially when public health is at stake. Studies that do not show a sta...
	The bias toward the null is particularly problematic where human health is concerned; scientists and public health officers therefore often assess and rely on the direction or weight of the evidence and not solely on statistical significance, as it ma...
	In the present report, while considering the extent of possible biases, my conclusions are stated in terms of assessing whether PFCs pose a substantial present and potential hazard to human health. In many instances, the existing evidence of a hazard ...


	B. Toxicity and interpretation of data
	It is partly because of potential limitations of epidemiology studies, in particular when randomized clinical trials are not possible or appropriate, that I also examine the toxicological evidence from animal studies, as is common in epidemiology, to ...
	Regarding PFCs, one potential critique that has been leveled by 3M scientists [83], particularly against certain animal models, is that effects of PFOA may be species-dependent and contingent to, e.g., activation of a peroxisome proliferator-activated...


	VI. HEALTH EFFECTS FROM PERFLUORINATED COMPOUNDS
	A. Early warning signs
	Given that 3M was an innovator in PFC production and the primary if not sole manufacturer in the U.S. for many years, it is not surprising that much of the early examination of PFC properties was undertaken or sponsored by 3M. What does appear to be r...
	As already mentioned, the first public report that suggested that the general population had been exposed to fluorine-substituted organic compounds appeared in Nature in 1968 [42], where Dr. Donald Taves from the University of Rochester showed that se...
	As also mentioned above, it appears that 3M started measuring worker blood samples for organic fluorine by about 1976. In 1979, they measured five workers’ serum PFOS concentrations and found the levels to be 100-fold higher than the level that would ...
	At about the same time, a further report from Dr. Taves and his colleagues showed that there was widespread contamination of human tissues with organofluorine compounds which likely derived from commercial sources such as PFOA (or PFOS, as it seemed l...
	After the institution of regular blood testing at 3M’s production facility in 1976, the 3M medical service team noticed, at least by September of 1984, an increasing trend in worker organic fluorine concentrations in blood.30F  Health examinations wer...
	Among warning signs as early as the late 1960s and 1970s of potential adverse health effects from PFCs were complaints from consumers and doctors that Scotchgard could cause adverse effects, such as bronchospasm.32F  3M denied any link between use of ...

	B. Early epidemiology studies (1970s to 1990s)
	As a general matter, information on adverse health effects of PFCs originated with early studies of exposed workers, as complemented by some experimental toxicology studies[7, 9, 17], I shall again mainly focus on developments at 3M to the extent that...
	While a published scientific article in 1980 reported on the presence of organic fluorine compounds in serum from exposed workers [84], and drinking water contamination in Ohio and West Virginia by PFOA was discovered and later publicly disclosed [71]...
	According to internal 3M documents, 3M consulted, in the late 1970s, with their external expert reviewer, Dr. Harold C. Hodge. Dr. Hodge had served as the first President of the Society of Toxicology and was department chair at the University of Roche...
	At this time, Dr. Hodge indicated that a potential hazard was present. When reviewing the data on fluorocarbons in blood the following year, Dr. Hodge commented regarding a POSF-based compound: “The study of levels of FC-807 [a PFOS precursor, PG] or ...
	A 1978 memo written by Dr. F.A. Ubel, 3M’s medical director, refers to a conversation with Drs Leonard Schuman and (then) Mr. Jack Mandel, where a follow-up study of Chemolite workers was discussed. The two would act as 3M consultants without the invo...
	A joint meeting was held in 1979 between 3M and DuPont, i.e., 3M’s fluorochemical exposure committee and DuPont’s Eugene Berman and some colleagues. The latter group had reviewed the documentation of organofluorine compounds in blood samples from work...
	Minutes from the 1979 meeting said: “DuPont was asked if they had carried out any chronic studies on fluorochemicals in the past and if they planned any in the future. In both cases the answer was negative. Fluorochemicals have a low priority in their...
	3M had an excellent opportunity to gather evidence emanating from health surveillance of exposed workers, such as those employed at the 3M Chemolite (Cottage Grove, Minnesota) manufacturing plant. A cross-sectional study of worker health was summarize...
	The most extensive early epidemiology study was conducted in connection with the thesis project carried out by Frank Gilliland, MD from the University of Minnesota School of Public Health. This study provided surveillance data on employees who volunta...
	The letter suggests that Dr. Gilliland did not have access to the new raw data, but a memo from Dr. Geary Olsen indicates that supplementary data analyses were carried out,42F  although it is difficult to judge the conclusions drawn by Dr. Olsen witho...
	Dr. Gilliland’s supervisor at the University of Minnesota, Dr. Jack S. Mandel, had previously as a 3M consultant co-authored other articles with other 3M colleagues, and he has also coauthored publications that were supported by other industry sources...
	Another early source of information relates to the registered mortality of 3M employees considered to have been exposed to PFCs (mainly PFOA). Film plant workers were used as the control group for these occupational studies, although it was known that...
	Many studies also suffered from selection bias. The 3M health and mortality studies focused on production plant workers exposed to PFCs. But at the time, it was already well known that workers exposed to toxic substances might erroneously appear to be...
	Systematic evidence from 3M’s occupational medicine records was analyzed only from the 1990s and then reached the public at a delay, and only in parts, and without detailed reference to the caveats. Such studies were apparently not a matter of priorit...

	C. Early toxicology studies (1970s to 1990s)
	Despite being known and in commercial use since about 1950, little was published in scientific journals on PFC toxicology until the 1980s. Internal 3M documents show that company scientists had been aware of the health risks of PFOA as early as the 19...
	When the magnitude of worker exposure to and absorption of PFOA became evident and impossible to ignore any longer, a series of studies were initiated by 3M, including an in vitro mutagenicity assay, 28-day oral studies in rats and mice, and 90-day or...
	In a review of 3M-sponsored subacute toxicity studies by 1979, a conclusion on PFOS was that “FC-95 was the most toxic of the three compounds studied and certainly more toxic than anticipated. […] Unless there are adequate data through human epidemiol...
	Early PFOA toxicology studies commissioned by 3M were summarized in 1980 [44], and the liver was highlighted as a target organ, while effects on the immune (or reticuloendothelial) system were also reported. The studies reviewed had been conducted in ...
	Later on, a 1988 pilot feeding study in rats for 28 days revealed that “[t]he primary lesion consisted of focal to multifocal cytoplasmic enlargement (hypertrophy) of hepatocytes among animals fed 300 ppm or less, and multifocal to diffuse enlargement...
	Effects on lipid metabolism and thyroid function were among those studied at non-3M research institutions in the 1980s [91, 92]. Induction of peroxisome proliferation in the liver was well established by 1990 and resulted in a substantial number of pu...

	D. Further 3M-influenced research (1990s to early 2000s)
	Scientists working with the 3M company began to publish studies on PFC toxicology from the late 1990s [88], although far from all studies at 3M were published, and often with a delay. In 1998, a 3M report to the EPA reported the widespread occurrence ...
	Dr. Geary W. Olsen from 3M was an author of more than 30 articles published in 1998 and onward. However, the influence of 3M on PFC research goes beyond in-house studies and authoring original reports and reviews. The company also funded or supported ...
	The most comprehensive mortality study of 3M workers compared deaths at Cottage Grpve with those at the unexposed St. Paul plant from 1947 to 2002. In the thesis report by Dr. Raleigh,57F  exposure estimates were generated from air measurements, and d...
	We have previously seen that 3M had a clear interest in depicting its products as toxic only at very high doses and that any findings that suggested adverse effects at lower exposures were challenged and mostly kept away from the public. While this ty...
	A report from July 2012 mentions “3M perfluorochemical studies in progress,” supported by research contracts. One contract for “Danish birth outcome study” was awarded to a private entity named International Epidemiology Institute, jointly with UCLA a...
	A Danish cancer case-control study was also funded by a 3M contract to the participating institutions, including the IEI [97], and it provided the following statement:  “The 3M Company had no role in the design of the study, interpretation of the resu...
	Among 3M-supported studies mentioned in a 2008 report is a study from Stockholm, where PFOS immunotoxicity surprisingly could not be replicated by oral dosage [98]. The article, published in 2010, refers to 3M support by an unrestricted research grant...
	Analytical quality is essential in these types of research, and most publications in the field report quality assurance data. However, in regard to the 3M-supported Danish national birth cohort, where blood samples were sent by regular mail, those tha...
	In my view, it is clear that 3M inspired and influenced PFC research and that publications on 3M-supported projects sometimes disclosed 3M authors, sometimes not. Analyses of research bias have documented that publications reporting on industry-suppor...
	In 2004, the EPA filed a suit against DuPont alleging that “DuPont had – over a 20 year period – repeatedly failed to submit information on adverse effects (including information on liver enzyme alterations and birth defects in offspring of female DuP...

	E. Growth of PFC research
	Even though PFCs have been produced for over 60 years, independent publication on PFC toxicity only began in earnest about 10 years ago [106]. The broader scientific community, therefore, is still at an early stage of understanding about how human exp...
	Since the first reports in scholarly journals that revealed widespread global occurrence of PFOS in wildlife [108] and the detection of PFCs in blood from the general population [109] were published about 2000, the scientific literature on the environ...
	The Web of Science lists a total of more than 34,000 publications when searching for titles using the words ‘perfluorinated’ or ‘perfluoro*’. However, only about 10% of these publications relate to environmental sciences, toxicology, or public, enviro...
	To understand the growth of health-related knowledge on PFCs in further detail, I examined the coverage of the main substances in 78 major journals within the fields of environmental science, toxicology and public health during the first 10 years of t...
	For comparison, the twenty most mentioned environmental chemicals (e.g., toxic metals, PCBs, and PAHs) were each covered in over 2,000 articles during this period, and lead alone was dealt with by close to 1,000 articles each year. Thus, in comparison...
	When using the National Library of Medicine database (PubMed), the search items ‘perfluorinated’ or ‘perfluoro*’ return about 10,000 articles for all years, of which one out of four is retained when limiting to ‘humans’. Of these, 450 are classified a...
	Accordingly, the intensive focus on PFCs in scientific publications happened during the most recent 10 years, thus slowly emerging decades after the first discoveries of PFC toxicity at 3M. Also, the reports from the court-mandated C8 studies, describ...
	The evidence at hand is therefore fairly recent and unlikely to represent the full toxicological perspective, such as those that may occur at a delay, and some adverse effects and vulnerable subpopulations may not yet have been identified. The occurre...

	F. Public knowledge on PFCs
	Even though PFCs had been produced for over 60 years, little was published on adverse health effects of PFCs before 1990. As reviewed above, early scientific studies carried out under 3M auspices were in some cases not published (such as the study of ...
	At least one medical report on adverse health effects in 3M workers was never published. Thus, Dr. Frank Gilliland sought to publish his results on immune dysfunctions in 3M workers. In December 1993, Dr. Jeff Mandel, Dr. Gilliland’s adviser from 3M’s...
	Some of the exposure patterns and adverse health issues that have been recently reported can be seen as a consequence of the physicochemical properties of the PFCs that were known already in the 1950s [11]. I have been able to locate only few document...
	Certainly, very substantial information must have been available to 3M by the time of the announcement in 2000 that a phase-out of commercial PFC production would be completed by 2002. The company reported two years later that environmental contaminat...
	Although an increased number of biomedical articles on PFCs has appeared during the most recent decade or so, the adverse effects at low exposure levels have probably not been fully characterized, especially regarding vulnerable populations and develo...

	G. Recent key reviews, studies and resources
	1. C8 Science Panel
	General population studies addressing PFCs mainly have been cross-sectional, but important research data have emerged from the Mid-Ohio River Valley population, where PFC contamination of drinking water occurred. The final conclusions of the C8 Scienc...
	In somewhat greater detail, the West Virginia Circuit Court in 2005 approved a class action Settlement Agreement in a lawsuit about releases of PFOA from DuPont’s production facility in Wood County, West Virginia. The Settlement created a Science Pane...
	In addition, a C8 Health Project was established to collect data from Class Members through questionnaires and blood testing. This community health study includes approximately 70,000 Ohio and West Virginia residents with at least one year of exposure...
	These data, and the conclusions released by the Science Panel constitute an important basis for the present report. Based on the results from these studies and an evaluation of the literature, the Science Panel delivered reports on ‘probable links,’ a...
	Although the reports to the Court were not peer-reviewed at the time and only provide a brief summary of the new study results, most of the evidence has since then appeared in peer-reviewed scientific journals, which will be referred to below.

	2. Other major assessments
	The PFCs have been the focus of a variety of evaluations carried out by regulatory agencies, such as the Agency for Toxic Substances and Disease Registry (ATSDR) and the U.S. Environmental Protection Agency (EPA). In addition, reviews on particular as...
	Human epidemiological studies have certain inherent limitations, as the evidence by nature is observational and often without well-characterized exposures over time and without unexposed control groups, as is possible in toxicological laboratory studi...
	A more common complexity is that exposures usually are mixed, i.e., that we are exposed to more than one PFC at a time. For example, subjects with high PFOS exposures usually have elevated exposures also to other PFCs. Even if serum-PFOS concentration...
	In the absence of human experiments on PFC toxicity, which would of course be unethical, agencies often choose to rely on experimental studies in laboratory animals to generate risk assessments and to reach conclusions on safe exposure limits for sing...



	VII. Adverse HEALTH EFFECTS at INDIVIDUAL EndPoints
	A. Immunotoxicity and autoimmunity
	It is my opinion, based on the weight of the epidemiological evidence, and supporting toxicity evidence, that PFCs pose a substantial present and potential hazard to human immune system functions.
	The immune system is crucial in fighting communicable diseases. It is also crucial in detecting and eliminating cancer cells. In addition, the immune system is involved in allergic disease and in autoimmunity. As the adaptive immune system is programm...
	The immune system is a sensitive target for PFC toxicity, perhaps the most sensitive, as illustrated by studies of deficient antibody responses to routine vaccinations in children exposed to PFCs. This approach was recommended by an international symp...
	The National Toxicology Program (NTP) concluded in 2016 that PFOA and PFOS are likely, or “presumed to be,” human immunotoxicants [5]. NTP uses the term “presumed” to denote the level of evidence just below “known,” and stronger than “suspected.” In a...
	As I discuss further below, prospective studies of birth cohorts have shown dramatic negative effects of PFCs regarding children’s response to routine immunizations, thus demonstrating that these substances can adversely impact the development of the ...
	1. Epidemiological evidence
	My review of available epidemiological studies demonstrates a strong link between PFC exposure and adverse effects on human immune system functions.
	a. I was the principal investigator of a study that found significant adverse impacts of PFC exposure on indicators of vaccination efficacy in children. The first study, which was based on 656 births in the Faroe Islands followed 587 of the children t...
	To understand the significance of this finding, a brief explanation of routine immunizations is helpful. By inoculating an antigenic component of a pathogenic organism, the body develops a defense in terms of antibodies. The aim is to protect against ...
	The antibody response to childhood immunizations is of clinical relevance and reflects major immune system functions, and in addition is a feasible parameter to use in population studies [121]. Thus, study subjects have all received the same doses of ...
	We have followed a Faroese birth cohort of 656 singleton births through to adolescence [122]. Among PFCs in maternal pregnancy serum, PFOS showed the strongest negative correlations with antibody concentrations in their children at age 5 years (after ...
	Of particular concern is the finding that several children at age 7 years (two years after the age-5 diphtheria and tetanus vaccination booster) had antibody levels against diphtheria and/or tetanus below the clinically protective level of 0.1 IU/mL [...
	b. The findings of our above study are consistent with a smaller study carried out in Norway on a subgroup from the national birth cohort. In 50 3-year-old children, inverse correlations were found between the mother’s PFC exposure during early pregna...
	c. In a more recent Faroese birth cohort, serum-PFAS concentration profiles during infancy were estimated based on the duration of breastfeeding, and the calculations were validated by comparison with measured serum-PFC concentrations at age 18 months...
	d. U.S. colleagues relied on the NHANES to extract data on a total of 1,831 adolescents aged 12-19 years between 1999 and 2006 [124]. In cross-sectional comparisons, a doubling of the concomitant serum-PFOS concentration showed a 13% decrease in rubel...
	e. In addition to routine childhood immunizations, many people receive immunizations for the flu, often on an annual basis and for a specific flu variant, such as the Avian flu or the Swine flu. PFC exposure has been shown to be linked to decreased fl...
	f. PFC exposure has also been shown to be linked to decreased effectiveness of boosters of vaccines first received in childhood. In a study of 12 healthy adult volunteers, increased PFC exposure was associated with flatter changes in the serum concent...
	g. This decreased short-term response to vaccines is in agreement with the similar PFC-associated decreased responses seen in 419 of the Faroese children at age 5 years [35, 123]. When re-examined about a month after the booster vaccination against di...
	h. Other studies have also linked PFC exposure to adverse impacts on the body’s ability to fight off various common diseases including colds, fevers and gastroenteritis. Thus, a study of 359 Danish children from the Odense Child Cohort found that incr...
	i. As part of the studies of the Danish National Birth Cohort, maternal early pregnancy serum from randomly selected 1400 women and their offspring were analyzed by 3M for PFOS and PFOA [129]. Hospitalizations for infection of the offspring were ident...
	j. Most recently, a study of a large Japanese birth cohort recorded physicians' diagnosis of common infectious diseases – including otitis media, pneumonia, respiratory syncytial virus infection, and varicella – up to 4 years and reported higher incid...
	k. In adults, a study conducted by the C8 Science Panel based on the health examinations concluded in an interim report that increased PFOA exposure was associated with lower serum concentrations of total IgA, IgE (in females only), though not IgG [11...
	l. PFCs also have been found to be linked to certain forms of autoimmune disease, in which the body’s immune system attacks its own tissues. This link is demonstrated by two studies conducted by C8 Science Panel epidemiologists, the first being an occ...
	m. The second study concerned the general population in the Mid-Ohio River Valley, where 151 cases of ulcerous colitis were identified in connection with the medical examinations. With a p value less than 0.0001, higher serum-PFOA concentrations predi...
	n. Similarly, in the C8 Panel’s study of the >50,000 residents of the Mid-Ohio River Valley, certain immune function parameters were measured. Specifically, antinuclear antibody (ANA) concentrations in serum were used as a screening parameter for auto...
	o. Allergies may also be related to PFC immunotoxicity, as reported by studies linking PFC exposure to increased development of allergies in children [132]. First, a study of 244 Taiwanese children found that increased cord-blood concentrations of PFO...
	p. Using more reliable clinical data, a study of the Faroese birth cohort born in 1997-2000 included data on allergy and asthma at ages 5 to 13 years [136]. Twenty-two of the 559 children had not been vaccinated against MMR, and among those, higher se...
	q. A recent study from China assessed pulmonary function parameters in children with and without asthma [137]. Children with asthma had higher PFC exposures, and their pulmonary functions were poorer the higher the PFC exposure. It therefore seems tha...
	r. When white blood cell populations are affected by exposure to an immunotoxicant, differential counts of the peripheral blood cells may be a useful measure. In about 50 5-year-old Faroese children, the current serum-PFASs concentrations were associa...
	s. To further explore the mechanisms, a study was carried out in Norway to characterize gene expression in cord blood and its association with PFAS concentrations, antibody concentrations, and infectious disease incidence. Several immunomodulatory gen...
	t. Regarding occupational exposures, a study of 3M workers found clear associations between increased PFC exposure and decreased leukocyte counts, a sign of adverse impact on the human immune system. These immunotoxicity appeared to be in agreement wi...
	Regarding this study, it is worth noting that 3M was aware of Dr. Gilliland’s findings of immune system abnormalities, but, unlike certain other findings in Dr. Gilliland’s thesis, no report of the immune system findings was publicly disclosed. Thus, ...

	2. Toxicological evidence
	Epidemiological evidence showing an association between PFC exposure and adverse effects on human immune system functions finds additional support in various toxicological studies of immune system functions. Experimental studies have provided substant...
	a. Already by 1980, there was an interest in the immunotoxicity associated with perfluorinated organic compounds, where effects observed included decreased antibody formation against sheep red blood cells and spleen enlargement [142]. There seems to h...
	b. An early 3M-commissioned 90-day study carried out in monkeys in 1978 demonstrated toxicity effects on the gastrointestinal tract and the reticuloendothelial system (i.e. immune system).73F  In this 90-day study labeled 226-0447,74F  the doses of FC...
	c. This monkey study and other toxicology studies carried out in or about 1978 were reviewed the following year with colleagues from DuPont, who agreed that there were compound-related effects indicated in both monkey and rat studies, and that additio...
	d. Recent interest in experimental immunotoxicity of the PFCs began after year 2000, at first focusing on reductions in lymphoid organ weights, lymphoid cell numbers, and de novo antibody synthesis [141]. These studies clearly document adverse immune ...
	e. In regard to response to infections, a study in mice demonstrated that PFOS exposure at levels associated with deficient immune functions showed elevated PFOS concentrations in blood, but also in thymus, spleen, and lungs as well as reduced surviva...
	f. Further, studies of mice injected with sheep erythrocytes, as a standard test of immune system function, demonstrate deficient immune system responses from PFCs, in parallel to the human studies of vaccine responses. Several rodent studies have app...
	g. Available information on immune system effects from developmental exposure also supports a link between PFC exposure and adverse immune system effects. In one study of gestational exposure, male pups were again more sensitive than females to the ef...
	h. Human white blood cells provide a meaningful in vitro model to assess immune system effects, and studies have been carried out to determine the in vitro effects of PFC exposure, generally with a focus on cytokine secretion [141]. PFOS was found to ...

	3. Perspective
	a. In connection with the need to identify safe limits for contamination of drinking water with PFOS and PFOA, the EPA surveyed the PFC literature and summarized its results in PFOA and PFOS risk assessment reports [148, 149]. The EPA draft risk asses...
	b. A similar conclusion was reached in the more recent ATSDR ToxProfile on the perfluoroalkyls [4]. As I wrote in my written comments to the Agency, the coverage of human immunotoxicity is unusually very brief in the ToxProfile, and no mention of this...
	c. More recently, the National Toxicology Program (NTP) in 2016 reviewed the immunotoxicity information on PFOS and PFOA and concluded that both are “presumed” to constitute immune hazards to humans [5]. Both PFCs suppress the antibody response in ani...
	d. The European Food Safety Authority likewise in their initial opinion in 2008 [1], to which I contributed, relied on experimental toxicity studies at a time where little information on immunotoxicity and few human studies was available. An updated v...
	e. According to the recent evaluations, the epidemiological evidence demonstrating an association between (mixed) PFC exposure and adverse effects on the human immune system is strong and is supported by ample toxicological evidence on effects of PFOS...
	f. In a letter to JAMA, three 3M scientists criticized our article that was published in JAMA in 2012 [reviewed at A.1.a. above] [83]. They suggested that antibodies toward diphtheria and tetanus were of no public health interest, as the diseases are ...
	The 3M authors also refer to a 3M-supported mouse toxicological study that reported no immunological effects at a high dietary PFOS exposure [152]. This reported conclusion, however, is at odds with the conclusions of other studies of the same strain ...
	Still, species differences are of importance. This is certainly true in regard to the capacity to eliminate PFC from the blood, and recent rodent studies have therefore expressed exposures in terms on serum-PFC concentration levels for more appropriat...
	The caveats mentioned above regarding interspecies comparisons indicate that dose-dependence may differ between humans and rodents, but also that such differences do not argue against the immune system being a major target organ for PFC toxicity in bo...


	B. Reproductive toxicity
	It is my opinion, based on the weight of the epidemiological evidence, and supporting toxicity evidence, that PFCs pose a substantial present and potential hazard to human reproductive system functions, with risks of adverse effects to the next genera...
	The focus in this section is primarily on obstetrical appearances of PFC toxicity, including pregnancy hypertension and preeclampsia, which conditions were determined by the C8 Panel to have a probable link to C8 exposure [156]. I also address pregnan...
	Other outcomes considered more clearly to reflect endocrine disruption are considered in the following section and include changes in serum concentrations of sex hormones, delayed development including delayed puberty, inhibited lactation and shorter ...
	Regarding developmental toxicity affecting the next generation functionally and in regard to subsequent disease risks, i.e., so-called Developmental Origins of Health and Disease (DOHaD), these aspects are properly discussed in regard to the relevant ...
	1. Epidemiological evidence
	Data from my review of available epidemiological studies demonstrate a strong link between PFC exposure and adverse effects on human reproductive system functions. One early and important aspect of reproduction is fecundity, i.e., the capability of ac...
	Fecundity
	As a parameter commonly used in epidemiological studies, time-to-pregnancy (TTP) is a measure of couple fecundity. However, both female and male risk factors must be taken into regard, and studies in this vary in regard to the validity of data collect...
	a. TTP was obtained in a Danish study of 1240 women, who had achieved pregnancy, thus excluding infertility. The subjects with serum-PFOS in the highest quartile had a 26% reduced chance of becoming pregnant within the same cycle month as compared to ...
	b. A recent Canadian study of over 1,700 women demonstrated that increasing concentrations of PFCs in serum were associated with both reduced fecundability, as measured by increased time to pregnancy, and infertility [159]. Specifically, an increase i...
	c. When my colleagues and I examined PFC exposures in a prospective study of 222 Danish first-time pregnancy-planners without previous reproductive experience (129 attained pregnancy within 6 months), we calculated the fecundability ratio (FR) using d...
	d. None of these studies involved cohorts with significantly elevated exposures, such as workers in PFC manufacturing plants or residents of contaminated areas. Still, the available evidence suggests that background exposures to PFCs affect TTP to a l...
	e. None of the recent epidemiological studies used sophisticated technologies that have become available in more recent years. In fact, the waiting-time-to-pregnancy (or time required to conceive) measure relies on a simple questionnaire that has been...
	Puberty development, irregular cycles, and menopause
	f. A cross-sectional study of PFOA and PFOS regarding indicators of sexual maturation was carried out in the Mid-Ohio River Valley. Participants were 3076 boys and 2931 girls aged up to 18 years. They were classified as having reached puberty based on...
	g. A more recent study focused on 2,292 children aged 6-9 years who had been examined in 2005-2006 in regard to their exposure to PFOA in the Upper Ohio River Valley [164]. In boys, a higher serum-PFOA concentration was linked to lower testosterone, a...
	h. In regard to puberty development, a British birth cohort at background levels found that PFOA concentrations in stored maternal pregnancy serum were slightly higher for 218 daughters who had reached menarche before age 11.5 years compared to a simi...
	i. In a Danish study of prenatal exposures judged from maternal serum analysis, 367 daughters’ menarche was significantly delayed at higher prenatal PFOA exposures [166]. An important strength is that this study focused on prenatal exposure, although ...
	j. In 950 pre-pregnant women, higher serum concentrations of PFOA, PFOS, PFNA, and PFHxS showed increased odds of self-reported history of irregular menstrual cycle and long menstrual cycle [167], i.e., disruptions that may be related to an increased ...
	k. The C8 Health Project examined 25,957 women aged 18–65 years regarding serum estradiol concentrations and onset of menopause [169]. The odds of having experienced menopause increased significantly at higher exposures to PFOA and PFOS within the sub...
	l. A joint analysis of data from three countries suggested a substantially lower proportion of morphologically normal sperm cells at increased serum concentrations of PFOS and PFHxS, while a small increase (opposite direction) appeared to be related t...
	m. In a study of 256 men examined at a fertility clinic, no association between the current serum concentrations of PFOA and PFOS and semen parameters was found [171]. However, the concomitant concentrations may not reflect the exposures at the most v...
	n. In 105 young Danish men from the general population, those with elevated combined serum concentrations of PFOS and PFOA had a median sperm count that was 2.5-fold lower than the median for men with low PFOS–PFOA exposures [172]. Other associations ...
	o. From a pregnancy cohort established in Denmark in 1988-1989, about one-third of the men (169) was recruited at age 20 years to obtain a semen sample and a blood sample [173]. PFOA and PFOS were measured in banked maternal pregnancy serum samples. I...
	p. According to a recent review, a total of sixteen studies have explored the association between PFC exposure in men and semen parameters, reproductive hormone levels, or TTP. Despite somewhat inconsistent results, subtle associations between higher ...
	q. Available evidence suggests that miscarriage and stillbirth are associated with PFC exposure, although the evidence is not yet strong. This is perhaps not surprising as miscarriage and stillbirth, like mortality, are extreme outcomes. A recent stud...
	r. A subsequent Danish case-control study of 51 miscarriages utilized serum collected in first trimester and found a significantly increased risk associated with C9 and C10, and a tendency in the same direction for PFHxS, but no clear association for ...
	Pre-eclampsia and higher blood pressure during pregnancy
	s. The C8 Science Panel concluded that PFOA exposure is associated with reproductive toxicity, i.e., an increased risk of pre-eclampsia and higher blood pressure during pregnancy [156].
	t. This conclusion rests on extensive studies in the contaminated Upper Ohio River Valley. Data were obtained on 1,845 pregnancies within the 5 years preceding the serum-PFOA analysis and on 5,262 pregnancies analyzed for PFOS. Preeclampsia was weakly...
	u. However, a more recent study is less convincing. Relying on the serum-PFC analyses from the health examinations in 2005 and 2006, birth records from singleton pregnancies were obtained to identify the 106 cases of pregnancy-induced hypertension. Se...
	v. Using data from the Norwegian Mother and Child Cohort Study, a study was conducted of 976 nulliparous pregnant women, of whom 466 had a validated diagnosis of preeclampsia. No strongly positive associations between PFAS levels and preeclampsia in t...
	w. The C8 Science Panel also evaluated the evidence on preterm birth, birth weight and fetal growth. Some studies available by then suggested small negative shifts at high PFOA exposures [180, 181], but the Panel considered them uncertain and therefor...
	x. Others have reached the same conclusion that these reproductive outcomes are too uncertain [182, 183]. However, this conclusion may be arguable, given that decreased fetal growth and lowered birth weight are crude measures that may only weakly refl...
	y. Relating to the C8 studies, women who reported reproductive histories and who provided serum for the C8 study at the examinations were linked to data on preterm birth and birth weight. Elevated serum concentrations of PFOA and PFOS at the health ex...
	z. A study in Denmark demonstrated increased birth weight in girls at higher exposures to PFOS, PFOA, and PFHxS and reduced birth weight in boys, thereby suggesting sex-dimorphic effects [185]. In support of this notion, the same study also measured t...
	aa. As mentioned above, the C8 Science Panel evaluated the evidence available at that time on preterm birth, birth weight and fetal growth. Some studies suggested small negative shifts at high PFC exposures [180, 181], but the Panel considered them to...
	bb. Others have reached the same conclusion that these outcomes are uncertain [182, 183]. However, this conclusion may be arguable, given that decreased fetal growth and lowered birth weight are measures that, although crude, may reflect more importan...
	cc. In a recent study, birth weight in Norway was apparently not affected by background levels of PFC exposures [186].
	dd. On the other hand, the most recent report from the Japanese Hokkaido cohort shows that low background exposures to PFOS and PFOA are associated with decreases in birth weight, and the study also highlights that hormones such as leptin and adiponec...
	ee. A British study of the ALSPAC birth cohort collected serial data on weight and height up to age 20 months and showed that elevated maternal serum concentrations of PFOS, PFOA and PFHxS were associated with decreased birth weights in girls but that...
	ff. A similar study from the Faroes revealed that a higher maternal pregnancy serum-PFOS concentration was associated with increased weight (and overweight) in the child at age 18 months, while PFOA rather showed a similar association with weight at 5...
	gg. None of the recent studies of birth weight and postnatal growth involved cohorts with significantly high parental PFC exposures, such as workers in PFC manufacturing plants or residents of contaminated areas, even though studies might have been ea...
	hh. I am aware of Professor David Sunding’s statistical analysis in connection with this case showing a pattern of increased incidences of premature births, low birth weights, and decreased general fertility rates in Minnesota communities that I under...
	Early indications of potential reproductive harm from PFCs comes from 3M’s and DuPont’s own experience. Some incidents were rather anecdotal and could have been random observations, but the evidence is still noteworthy and troubling. It is supported b...
	ii. One of the first indications of developmental toxicity from PFCs was the observation that two of seven children born between 1979 and 1981 to female workers at a Dupont PFC plant had birth defects. One of the DuPont employees with heavy exposure t...
	jj. A September 15, 1981 letter from DuPont’s Washington Works to the Shimizu Corporation in Japan proposed an employee blood sampling program. The letter had an attachment on pregnancy outcomes among female production workers, according to which one ...
	kk. In December of that year, two DuPont female employees raised questions on the status of the C8 teratogenesis study; one of the women had a child with congenital eye defects and wanted to know if the 3M studies found any malformations affecting the...
	Apart from malformations, developmental toxicity in a more general sense may affect several organ systems and is sometimes reported in connection with reproductive toxicity. My review of available epidemiological data on developmental toxici...

	2. Toxicological evidence
	A significant part of the early toxicological evidence concerning reproductive harm from PFCs comes from 3M’s and DuPont’s own studies. More extensive information on reproductive toxicity in animal models are available in recent reviews [4, 6].
	a. An experimental study conducted by 3M in 1981 showed birth defects in eye lens of rats exposed to PFOA (the report was filed as a TSCA 8e document with the U.S. EPA) [90]. In fact, a total of three teratology studies were carried out, all of them f...
	b. Later, Dr. E. G. Lamprecht, a 3M consultant, argued that the fetal rat lens abnormality was incorrectly interpreted as a teratogenic change and that later studies could not repeat the finding of a teratogenic effect.81F  The following year, 3M’s E....
	c. In regard to PFBA, a recent study on reproductive effects in mice reported full-litter loss only at the very highest exposure and a significant delay in eye-opening in the offspring in all three PFBA groups [190]. In the same study, the age at whic...
	Subsequent sections will focus on endocrine disruption, including serum-hormone concentrations and breast development that appear to be critical adverse effects in humans, while also documented in laboratory animals.

	3. Perspective
	The C8 Science Panel did not conclude that there is a probable link between exposure to PFOA and birth defects [191], and more recent evidence has not added further support for such linkage. A link only to pre-eclampsia was considered sufficiently jus...
	The C8 Panel did not look as broadly at reproductive and related developmental issues, given that consideration needed to be given to the findings that could be made based on the use of methodologies and population groups available at the time. Recent...
	Therefore, based on the weight of all the evidence, that PFCs pose a substantial present and potential hazard to human reproductive system functions.


	C. Endocrine disruption
	Outcomes usually considered to reflect endocrine disruption will be dealt with in the present section, including changes in reproductive hormone concentrations in serum and inhibited lactation as indicated by shorter breastfeeding durations in exposed...
	It is my opinion, based on the weight of the epidemiological evidence, and supporting toxicity evidence, that PFC exposure at levels similar to or below those reported from the East Metro area pose a substantial present and potential hazard to human e...
	Endocrine disruption effects are usually defined as adverse effects in an intact organism or its progeny that have an endocrine mode of action, i.e., that it alters the function(s) of the endocrine system. Due to the serious human health consequences,...
	Based on the available evidence, PFCs are convincingly associated with endocrine disrupting effects that may have substantial impacts on vulnerable population groups. While endocrine disruption is often thought to be related to reproductive toxicity, ...
	1. Epidemiological evidence
	Serum-hormone concentrations
	a. Early evidence on endocrine disruption associated with PFC exposure originates from a doctoral thesis project, where Frank Gilliland, MD, studied clinical pathology parameters in 111 male workers in 3M’s Chemolite plant in Cottage Grove, MN. There ...
	b. This subsequent follow-up study further explored serum hormone abnormalities in exposed workers and likewise showed a positive correlation between PFOA exposure and serum-estradiol (an adverse effect) [88] in 111 and 80 production workers studied i...
	c. The C8 Health Project examined 25,957 women aged 18–65 years regarding serum estradiol concentrations [169]. There was a significant inverse association between PFOS and estradiol, though not between PFOA and estradiol, thereby suggesting that endo...
	d. In a study of nearly 2,300 children living near a PFOA production facility in the Mid-Ohio River Valley, increased PFC exposure was found to be correlated with lower levels of sex hormones. Especially in boys, increased PFOS concentrations were ass...
	e. A study of postpubertal women at age 15 years whose mothers were exposed to PFCs at background levels in the UK found that higher levels of maternal exposure to PFOS, PFOA, and PFHxS were correlated with higher testosterone concentrations. Findings...
	f. A study of 540-person cohort in Taiwan found that increased serum concentrations of PFOA and PFOS were correlated with decreased levels of sex hormones in adolescents and young adults at ages 12-30 years [194]. In particular, PFOS was associated wi...
	g. From the Danish pregnancy cohort established in 1988-1989, the 169 men at age 20 showed higher adjusted levels of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) associated with higher prenatal PFOA exposures [173]. PFOS did not app...
	h. In 105 young Danish men at background exposures, hormone profiles suggested poorer function of Leydig cells (which produce testosterone) at higher PFC exposures. However, the associations in this small study were not statistically significant [172].
	i. A study of 1,400 Danish women reported that the duration of breastfeeding, as recorded by two telephone interviews, decreased at increasing serum-concentrations of PFOA and PFOS, although only in multiparous women [195]. In multiparous women, previ...
	j. A recent study in the U.S. [196], however, found that increased maternal serum-PFOA concentrations were correlated with a decreased duration of breastfeeding, and that this association was not confined to multiparous women and is independent of pot...
	k. These findings are supported by a subsequent study of 1,130 new mothers in the Faroe Islands [197]. A doubling of maternal serum PFAS concentrations was associated with a reduction in duration of both total and exclusive breastfeeding, most pronoun...

	2. Toxicological evidence
	Endocrine disruption effects in humans are supported by a substantial number of experimental animal studies [4, 7, 9, 148, 149]. A few key studies are highlighted below.
	a. An early study of the effects of APFO (the ammonium salt of PFOA) exposure in rats showed a substantial increase in hepatic aromatase activity [198]. An increase in aromatase activity is likely to increase the formation of estradiol from testostero...
	b. Accordingly, changes in serum concentrations of testosterone and estradiol are considered likely to be due to PFC-mediated changes in the hepatic aromatase activity [199], but interference with sex hormone receptors has also been reported [200]. Su...
	c. A recent study examined the effect of PFOA and PFOS exposure on proteins and cells related to the male reproductive system and demonstrated that both PFOA and PFOS inhibit important drug transporting proteins present in the blood-testis barrier, th...
	d. Endocrine disruption effects appear to be independent of PPAR activation and therefore are likely relevant to human PFOA toxicity [7]. Among reported mechanisms, PFOA can activate nuclear receptors other than PPAR, i.e., the constitutive androstane...
	e. A toxicological study designed to evaluate the impact of PFC exposure on androgen secretion in the testis examined the effects of PFC exposure on inhibition of human and rat microsomal enzymes. The study demonstrated that PFOS is a potent inhibitor...
	f. Experimental studies show that mammary gland development in mice is inhibited by PFOA exposure during early development at serum concentrations similar to those occurring in the East Metro residents [7, 9, 205]. The State of New Jersey regards this...

	3. Perspective
	a. Regarding endocrine disruption, substantial research activity has emerged during the last 20 years or so, and much improved toxicologic understanding of the mechanisms involved has resulted. In addition, a wealth of epidemiological studies has docu...
	b. As mentioned under C.1.b, the paper co-authored by 3M scientists and Dr. Gilliland in 1998 reported on clinical pathology results from serum analyses, including reproductive hormones and concluded that there were no significant hormonal changes ass...
	c. It is worth noting that all or most of the studies above used only concurrent blood samples for PFC analysis, and less or no information therefore is available on the impact of prenatal exposures. In one of our recent prospective studies focused on...
	d. Serum-hormone changes observed in relation to semen quality suggest that they are both related to endocrine disruption mechanisms, as also indicated by experimental studies in laboratory animals. A concern is again that most studies have relied upo...


	D. Thyroid hormones and related diseases
	Although thyroid function is usually dealt with as part of the endocrine spectrum of functions, PFC effects on the thyroid gland appear to be independent of other forms of endocrine disruption and are therefore dealt with separately. The same is the c...
	It is my opinion, based on the weight of the epidemiological evidence and supporting toxicity evidence, that PFCs pose a substantial present and potential hazard to human thyroid functions, with related adverse effects.
	Based on the available evidence, the thyroid gland appears to be a target organ for PFC toxicity, as supported by laboratory experimental data [212] and recognized by the C8 Panel [213]. The Panel report is quite comprehensive, and the coverage of thy...
	Even subclinical hypothyroidism is a health concern, especially during pregnancy, as fetal brain development is highly vulnerable to deficiency in maternal thyroid hormone supplies [214, 215]. Moreover, as the thyroid gland is the target for a substan...
	1. Epidemiological evidence
	a. Dr. Gilliland analyzed in his doctoral thesis data from his cross-sectional study of 3M production plant workers regarding thyroid effects associated with organofluorine concentrations in serum. A positive correlation was seen between organic fluor...
	b. A cross-sectional data set from the C8 Health Project on 52,296 adults with a year or more of exposure to contaminated drinking water showed that both PFOA and PFOS in serum were associated with significant elevations in serum thyroxine (T4) and a ...
	c. A later study of 33,254 exposed community members and production workers applied calculated temporal trends in serum-PFOA concentrations [219]. The occurrence of 2,109 cases of functional thyroid disease, i.e., hyperthyroidism and hypothyroidism, w...
	d. In 10,725 children and adolescents aged 1-17 years examined within the C8 community study, a tendency was seen toward an increased risk of an increased serum concentration of total T4 concentrations was found for PFOS, but was not significant for P...
	e. In a study based on NHANES data on 3,974 adults, serum concentrations of PFOA and PFOS were compared between subjects with and without self-reported thyroid disease [221]. Women with a serum-PFOA concentration in the highest quartile were more than...
	f. In a similar NHANES-base study of 1,181 adults, higher serum concentrations of PFOA were associated with increased serum concentrations of T3, while PFHxS was linked to increases in both T3 and T4, but to lower T4 in men [222]. These findings sugge...

	2. Toxicological evidence
	a. Thyroid dysfunction in humans exposed to PFCs is supported by a wide range of studies in laboratory animals [4], and the sensitivity of thyroid functions to environmental chemicals is well documented [223]. Most of the evidence regards PFOS and PFO...
	b. Regarding PFBA, an experimental study reported morphological changes in the thyroid gland and decreased serum concentrations of total T4 [224]. The MDH relied on this study and additional information from first author Dr. J.L.Butenhoff from 3M (see...

	3. Perspective
	a. Although the very detailed report from the independent C8 Panel found a probable link between PFCs and adverse thyroid function effects [213], even the fairly recent reports from 3M purported to show no such link [217, 225-227].
	b. Dr. Gilliland reported a positive correlation between PFOA (measured as serum total organic fluorine) and the thyroid stimulating hormone (TSH) in serum.91F  As mentioned above (section D.1.a), 3M scientists argued in a later paper that variable as...
	c. Recent evidence suggests that thyroid toxicity is of particular relevance in pregnant women with a pre-existing thyroid dysfunction [228]. This issue has not yet been explored regarding PFC effects, and the evidence so far does not allow any conclu...


	E. Insulin and diabetes
	Based on the weight of the epidemiological evidence and supporting toxicity evidence, I conclude that PFCs pose a substantial present and potential hazard to human health regarding increased risks of developing diabetes and metabolic disease or dysfun...
	Although the C8 Science Panel concluded that the evidence available to them at the time was insufficient to conclude that PFOA is linked to the development of type 2 diabetes (T2D) [231], recent evidence suggests that PFC exposure has a potential of c...
	1. Epidemiological evidence
	I have not been able to identify early studies on metabolic changes associated with PFC exposures. The global distribution of PFCs and the emerging obesity epidemic and increasing T2D occurrence might have inspired more studies in this field.
	Glucose metabolism parameters are likely more sensitive and precise than diagnostic records and death certificates. But many of the existing studies rely on the latter. Thus, PFC-induced insulin insensitivity needs attention, in particular in prospect...
	a. In regard to diabetes, an increased mortality due to this diagnosis has been reported in PFC-exposed workers [73, 76], and the increase was significant in comparison with unexposed company controls. This increased risk is noteworthy, as diabetes it...
	b. In a community study, PFOA exposure in 54,000 adults was not found to associated with development of T2D, and neither was the fasting serum glucose concentration associated with the exposure [234].
	c. In an extension of this study, the C8 Science Panel did not find any indication that PFOA exposure was related to diabetes [219] [231]. However, as diabetes as a cause of death on death certificates is not a reliable way of obtaining information on...
	d. Additional support for background PFAS exposure being a risk factor for T2D comes from certain cross-sectional studies such as the NHANES data [236, 237]. Given that the data are cross-sectional, the validity of these results is somewhat uncertain,...
	e. In a study in Taiwan, PFOA in adults was positively correlated (adverse effect) with their beta cell function (possibly as a sign of compensation for insulin resistance), and PFOS was positively correlated (adverse effect) with blood insulin, insul...
	f. Data on 499 prepubertal children [238] showed that current exposures to PFCs are linked to increased risk of overweight and deficient glucose homeostasis. In 811 children from the Danish national birth cohort, prenatal exposure to PFOA and PFOS did...
	g. Additional evidence exists that PFC exposure may be related to overweight, which is also a risk factor for T2D diabetes. Thus, PFOA in stored pregnancy serum from a birth cohort of 422 subjects examined again at age 20 years was positively correlat...
	h. Similar findings were reported from a birth cohort of 1,006 children in Boston [241], where higher prenatal exposure to PFOA, PFOS and PFHxS was associated with higher BMI, skinfold thicknesses and DXA assessment of total body fat, although only in...
	i. In Faroese children, born in 2007-2009, maternal pregnancy serum concentrations of PFOS and PFOA were associated with increased BMI and/or overweight risk at age 5 years [189].
	j. In a recent review of the epidemiological evidence, the joint impact of PFCs and other endocrine disruptors on overweight and obesity is highlighted, with the recommendation that future studies should examine multiple exposures, rather than one at ...

	2. Toxicological evidence
	a. Given the epidemiological and experimental evidence (described below), we have used computer modeling to ascertain links between T2D and environmental chemicals, as recently described [244]. We first identified genes and proteins known to be involv...
	b. Reviews of experimental evidence on obesogenic and diabetogenic chemicals cover the evidence in greater depth [232, 245], also regarding developmental exposures [233].
	c. Rodent studies have demonstrated that glucose homeostasis is adversely affected by PFC exposure [246].
	d. While PPAR activation may play a role, the adverse outcome pathway for development of T2D may also involve PPAR-independent pathways, such as activation and disruption of the hepatocyte nuclear factor 4α [247].
	e. That the pancreas may be a target organ for PFC toxicity is also suggested by an increased occurrence of pancreatic cancer in PFC-exposed rodents [17].
	f. In mice, prenatal exposure to PFOA induced elevated serum concentrations of leptin and insulin, and overweight in mid-life [78].
	g. A separate study demonstrated that prenatal exposure to PFOA affected expression of genes involved in the control of lipid and glucose metabolism [235].

	3. Perspective
	As diabetes develops over many years and may even be programmed prenatally [248], the evidence available needs to be considered in regard to the validity of exposure parameters that may not reflect the PFC exposure at the relevant age or developmental...
	Much attention is currently being paid to these issues regarding PFC exposures, but in birth cohorts and in prospective studies of adult populations. I am aware of a study carried out in American nurses, currently under publication, that serum-PFC con...
	Recent information suggests that obese persons are healthier and live longer now than in previous decades, likely because of better care and risk-factor management [250]. However, the joint public health effect of increased prevalence and decreased mo...


	F. Neurobehavioral functions
	My above conclusions in regard to adverse PFC effects on thyroid functions is relevant also in regard to possible developmental neurotoxicity, as hormones are crucial to brain development [251], in particular the thyroid hormone [215]. A recent neurot...
	Concerns regarding adverse effects on brain development were apparently not explored during the early years, but evidence is now emerging. The developing brain is a highly sensitive target for environmental chemicals [253], and the available evidence ...
	1. Epidemiological evidence
	a. Neurobehavioral outcomes were assessed regarding maternal pregnancy serum concentrations of PFOA and PFOS in 1400 members of the Danish National Birth Cohort. Maternal serum-PFOS was found to be associated with delayed gross motor development in th...
	b. Two studies have considered children’s serum PFC concentrations in relation to parental reports of ADHD. First, cross-sectional NHANES data from 1999-2000 and 2003-2004 for adolescents aged 12-15 years (N = 571) found significantly increased adjust...
	c. In a small cross-sectional study of 63 children aged 9-11 years in Oswego, New York, serum-PFC concentrations were measured and compared to a neuropsychological measure of differential reinforcement of low rates of responding. Higher concentrations...
	d. More recently, increased maternal serum-PFOS concentrations in a U.S. birth cohort were associated with poorer behavior regulation, metacognition, and executive function [258]. While PFOA did not show any adverse associations in the 256 mother-chil...
	e. Our own birth cohort study in the Faroes assessed behavioral difﬁculties by the parent-reported Strengths and Difﬁculties Questionnaire (SDQ) at age 7 years [259]. While no associations were observed with prenatal exposures in the 539 children, ove...
	f. Neurological abnormalities have also been linked to PFC exposures, such as cerebral palsy [260]. Although the mechanism is unknown, it is possible that PFCs contribute to a multicausal etiology so that elevated exposure is associated with an increa...

	2. Toxicological evidence
	a. Developmental neurotoxicity has been demonstrated in various experimental models, mainly in rodents and in vitro [4]. A few studies will be highlighted due to their potential significance for effects in humans.
	b. Neonatal exposure to PFOS and PFOA seems to affect the cholinergic system, as indicated by a hypoactive response to nicotine, diminished habituation to a novel environment and lack of activity [261]. Similar experimental outcomes have been describe...
	c. A recent neurotoxicology review suggested that developmental effects due to PFCs may be mediated by thyroid toxicity, influence on calcium homeostasis, protein kinase C, synaptic plasticity and cellular differentiation, perhaps as part of a cocktai...

	3. Perspective

	G. Liver toxicity
	It is my opinion, based on the weight of the epidemiological evidence, and supporting toxicity evidence, that PFCs pose a substantial present and potential hazard to human liver functions, with related adverse health effects.
	The liver is an important target organ for PFC toxicity in humans as in animals, and such effects have been referred to by regulatory agencies in regard to determining safe exposure limits [1, 4, 148, 149]. Taken as a whole, PFC exposure at levels sim...
	PFC’s adverse effects on liver functions are reflected by elevations of serum-cholesterol concentrations and other important serum lipid parameters. Even small increases are likely to have negative implications regarding cardiovascular disease and mor...
	1. Epidemiological evidence
	a. Increased serum-cholesterol concentrations at elevated PFC exposures likely relate to toxic effects on liver functions, and increased concentrations of liver enzymes in serum at higher PFOA exposures support this notion in about a dozen epidemiolog...
	b. In early 1980, DuPont shared the results of a pilot study called “liver enzyme study of workers exposed to C-8 at Parkersburg,” where they found elevated mean serum concentrations of aspartate aminotransferase (AST, previously referred to as SGOT) ...
	c. In his thesis, Dr. Gilliland found increases in serum concentrations of SGOT and SGPT (now referred to as AST and ALT), as well as a tendency toward lower HDL cholesterol, as markers of adverse effects on liver function.97F  Other cross-sectional s...
	d. The fact that the liver was an important target organ recognized by 3M’s Dr. Richard Purdy, and in 1999 he wrote to 3M colleagues, Drs. John Butenhoff and Andrew Seacat that his calculations showed that a “general population member with 70 ppb (in ...
	e. Further analyses of medical surveillance data on PFOA-exposed workers in Minnesota led to a 3M paper that relied on cross-sectional analyses of PFOA and liver function data collected in 1993, 1995 and 1997 [66]. While the wording differs from a pre...
	f. Drs. Olsen and Mandel reported in 1998 results on PFOS-exposed Antwerp and Decatur male fluorochemicals production workers, in which they concluded that hematological, clinical chemistry and hormonal abnormalities were not associated with serum PFO...
	g. Although these findings would justify, at a minimum, further follow-up, it is not clear if that happened and if the findings were ever analyzed and published.
	h. The C8 Health Project examined 47,092 adults for effects of PFOA and PFOS on alanine transaminase (ALT), gamma-glutamyltransferase, and bilirubin as markers of liver function. These results showed a positive association between serum PFOA and PFOS ...
	i. When serum-PFOA concentrations were modeled as cumulated concentrations, the adverse effect on serum ALT concentrations was replicated in a mixed Ohio River Valley population [266].
	j. Likewise, in a general population sample from the NHANES study, liver enzymes showed significant, though small, increases at higher serum-PFOA concentrations [267].
	k. Several occupational studies, both cross-sectional and prospective, have assessed liver function parameters in serum, the most recent ones [66, 268, 269] showing that, in general, liver enzymes tend to increase, while bilirubin decreases at higher ...

	2. Toxicological evidence
	a. Although liver dysfunction in exposed workers was discovered fairly early, it was not taken seriously for many years. A study conducted in 1976 by Dr. Taves from the University of Rochester reported PFOA stimulated lipid peroxidation (LP) in an in ...
	b. The liver was early identified as a main target organ in rodents [44]. Although toxic mechanisms may differ between rodents and humans [7, 17], as I discussed above, the PPAR-related mechanism is no longer believed to be the differentiator 3M once ...
	c. Detailed discussion of liver toxicity in experimental models is included in recent evaluations by regulatory agencies [4, 148, 149], to which little recent evidence adds only little.
	d. One aspect deserves consideration, i.e., the intrahepatic lipid metabolism. Some PFASs have the potential to induce hepatic lipid accumulation in cynomolgus monkey [270] and induce lipid synthesis gene expression in human hepatocytes [271].
	e. In mice, PFOS administration induced hepatic steatosis in time-and dose-dependent manner along with corresponding CD36 and Lpl expression induction and decreased mitochondrial β-oxidation in mice [272]. Also, in exposed animals, accumulation of lip...
	f. In regard to PFBA, the MDH [63] noted liver weight changes and morphological changes in liver in experimental studies carried out by a private laboratory in Japan [273]. The article provides no information on funding.

	3. Perspective
	Even though the liver and lipid metabolism were identified early on as likely targets of PFC exposure, it appears that the understanding of the impact on workers’ health and on exposed communities in general developed very slowly and that great hesita...
	a. During a meeting on March 16, 1983, a handout prepared by 3M’s Don Roach mentioned preliminary data from a study of “abnormal” liver enzymes from film vs. chemical plant workers. No details were given in the document.104F  However, a report previou...
	b. The first systematic studies were carried out by Dr. Frank Gilliland in connection with his thesis project. 106F
	c. Additional health studies appear to have been carried out at 3M subsidiaries. In 1995, 3M issued an internal report based on a 3M Belgium blood testing program in Antwerp. The report stated, “There was weak relationships found between PFOA and trig...
	d. Dr. Mandel later asked Dr. Schmickler from 3M Belgium about the reporting requirements for fluorocarbons, i.e., whether they need to report findings from toxicology studies. The reply was that it was required to report to the safety committee of th...
	e. As late as 2003, 3M authors argued that a positive association between PFOA exposure and cholesterol in 3M workers “is contrary to the substantial body of toxicological literature that suggests a negative association in laboratory animals” [217]. H...
	f. In regard to liver steatosis, up to 10% of adolescents have non-alcoholic fatty liver disease (NAFLD) [275, 276]. As a considerable and apparently growing public health problem of partially unknown origin, this outcome requires attention in future ...


	H. Risk factors for cardiovascular disease
	It is my opinion, based on the weight of the epidemiological evidence, and supporting toxicity evidence, that PFCs pose a substantial present and potential hazard to human health due to elevated cholesterol and increased risk of cardiovascular disease.
	Based on the available evidence, the kidney may also be a likely target organ for PFC toxicity in humans as in animals. However, this evidence is yet uncertain, as decreased kidney function of other causation may impair the elimination of PFCs and the...
	An autopsy study showed that PFBA in particular lodges in the human kidney [52], but virtually no information is available on nephrotoxicity and cardiovascular toxicity related to this PFC.
	As discussed above, serum concentrations of total cholesterol and other important serum lipid parameters increase at higher PFC exposures. Even a small increase would likely have negative implications regarding cardiovascular disease and possibly mort...
	Due to the high incidence of cardiovascular disease, even a small increase in life-time risk is of serious public health importance. An article recommends immediate action to prevent even ‘background’ exposures to PFOA [277].
	1. Epidemiological evidence
	a. The early 3M occupational study by Dr. Gilliland addressed serum chemistry abnormalities in exposed workers [207] and showed an inverse correlation (adverse effect) between organic fluorine compounds (assumed to be mainly PFOA) and HDL cholesterol.
	b. In other 3M production plant workers, serum PFOA and total organic fluorine (TOF) were positively and significantly associated with cholesterol and triglycerides in a longitudinal study.109F  A positive correlation (adverse effect) with total chole...
	c. A later study of current and former Cottage Grove employees showed both PFOA and PFOS were positively and significantly associated with total cholesterol, LDL, and triglyceride levels above healthy reference ranges.110F  PFOS was significantly asso...
	d. Similar evidence from cross-sectional and, in particular, prospective studies of workers at other plants also suggested that increased PFOA exposure is associated with higher serum-cholesterol concentrations [268, 269, 279].
	e. Cross-sectional data on 1216 subjects from the 1999-2003 NHANES showed that increasing serum-PFOA concentrations were positively associated with self-reported cardiovascular disease, including coronary heart disease and stroke, and objectively meas...
	f. Community and general population groups with lower levels of PFOA exposure have also revealed positive correlations (adverse effects) between PFOA and cholesterol concentrations in serum [65, 281-283].
	g. In some populations, other PFCs were also measured, and positive associations were found in regard to PFOS exposure [281-283], a finding that we have replicated in elderly subjects from the Faroe Islands, where exposure levels are similar to backgr...
	h. Data from the C8 project showed that total cholesterol and LDL-cholesterol increased at higher PFOA exposures (and HDL increases in women) [235].  The variability in PFC-associated cholesterol changes is quite large [8], although a variety of facto...
	i. Indirect evidence suggests that PFC metabolism is not linked to changes in lipid metabolism (which would suggest a reverse causation), thereby rejecting a hypothesis that both PFCs and cholesterol could be affected by a common cause that would prod...
	j. While early data from Cottage Grove suggested no risk, an increased risk of cerebrovascular disease was indicated by a mortality study that relied on comparisons with the general population [285]. The subsequent 3M-supported follow-up [76] again sh...
	k. Cross-sectional NHANES data suggest that serum-PFOA concentration is associated with systolic blood pressure and the risk of hypertension [286]. Hypertension may relate to an increased risk of cerebrovascular mortality.
	l. NHANES data suggest that increased serum concentrations of PFOA and PFOS are associated with an increased risk of chronic kidney disease, as defined by a low glomerular filtration rate [287].113F  Here, reverse causation cannot be ruled out, i.e., ...
	m. Regarding uric acid, the C8 Project examined its association with serum PFOA levels after adjustment for potential confounders. An increased risk of elevated uric acid was found in adults, including clinically defined hyperuricemia [288]. Again, th...

	2. Toxicological evidence
	a. Detailed discussion of elevated cholesterol and other risk factors in experimental models is included in recent evaluations by regulatory agencies [4, 148, 149].
	b. In regard to PFBA, experimental findings in laboratory models included exposure-related decreased in red blood cell counts, hematocrit and hemoglobin, effects that were highlighted by the MDH in regard to setting a safe limit for PFBA concentration...

	3. Perspective
	a. Due to the impact of covariates and the fact that cholesterol concentrations in the C8 study were lower than elsewhere in the U.S., selection bias in this study has been suggested [284]. However, although some selection forces likely played a role,...
	b. Even if PFC exposure explains only a small part of the variation in serum-cholesterol concentrations, still small increases in total and LDL cholesterol are associated with increased risks of cardiovascular disease. Some have noted that an increase...
	c. Other serum parameters that may reflect kidney dysfunction, such as creatinine and blood urea nitrogen (BUN), were assessed in occupational studies. However, no clear associations with PFC exposure biomarkers were found [279].


	I. Carcinogenicity
	It is my opinion, based on the weight of the epidemiological evidence, and supporting toxicity evidence, that PFCs pose a substantial present and potential hazard to human health as carcinogens.
	As detailed evaluations have been recently published[6], I shall briefly summarize the early reports along with the most recent evaluations.
	Early studies in PFC-exposed workers suggested a risk of prostate cancer, and support for this association comes from more recent studies that also include populations exposed at background levels. While early studies usually referred to cancer mortal...
	A variety of subsequent studies demonstrate that PFC exposure is associated with development of cancer at several sites. PFOA has been found to satisfy the EPA’s criteria to be classified as “likely to be carcinogenic to humans” [289]. The IARC conclu...
	Based on the available evidence, exposure to PFCs has a substantial potential to cause cancer, most clearly in regard to cancers of the kidneys and the testicles, and highly likely also in regard to prostate cancer and bladder cancer. A possible risk ...
	1. Epidemiological evidence
	Cancer risk assessments
	a. In the most recent evaluation of cancer risk association with PFOA exposure, the IARC classified this substance as a possible human carcinogen (Group 2B) and concluded that there was relevant, though limited, evidence in humans that PFOA causes tes...
	b. The EPA’s Science Advisory Board in 2006 reviewed the information available on PFOA at the time and suggested that the cancer data were consistent with the EPA Guidelines for Carcinogen Risk Assessment descriptor “likely to be carcinogenic to human...
	c. As I describe in more detail below, the C8 Science concluded that there is a probable link from PFOA to testicular cancer and kidney cancer. The C8 Science Panel conducted further studies, including an update of a previous occupational study [73]. ...
	d. I am aware of Professor David Sunding’s statistical analyses in connection with this case showing a pattern of increased occurrences of total cancer as well as cancer at specific sites in areas in Minnesota that I understand have been most affected...
	e. As described below, a dose-associated increased risk of kidney cancer was observed in workers in a ﬂuoropolymer production plant in West Virginia, USA, and in the local community exposed to releases from the plant. Likewise, an increased risk of te...
	f. Occupational mortality studies have been carried out in PFOS-exposed worker populations from the 3M production plant in Alabama [285, 290] and PFOA-exposed workers from West Virginia [291] and Minnesota [93]. In evaluating this evidence, account mu...
	g. In April 1989, DuPont issued an Internal Report, “An investigation into the occurrence of leukemia at Washington Works.” The standardized mortality ratio was 2.1, but was determined by DuPont not to be statistically significant.114F  Leukemia has n...
	h.  In a subsequent report from 1992, DuPont examined the cancer surveillance data for 1956-1989 and mortality data for 1957-1991. For cancer, DuPont found a null result overall, but significant findings existed for specific sites, such as buccal cavi...
	i. In response to the concerns about PFC-associated cancer risks, the Minnesota Cancer Surveillance System on cancer incidence includes Dakota and Washington counties and related zip codes, and data from the period 1988-2004 have been published [292]....

	Kidney cancer
	j. Regarding kidney cancer, the C8 Panel concluded: “For kidney cancer, the worker mortality study conducted by the Science Panel showed a higher risk in the most highly exposed group compared to lower exposure groups among the workforce, but the risk...
	k. The C8 Panel reviewed and relied on several studies, as did the IARC working group. Increased risk of kidney cancer with a statistically significant exposure-response trend was reported in workers in a fluoropolymer production plant in West Virgini...
	l. In further detail, elevated mortality from malignant kidney disease was documented among 5,791 workers exposed to PFOA in West Virginia [291]. No clear risk was seen in the PFOS-exposed workers from Minnesota [93]. However, community-based evidence...

	Testicular cancer
	m. The C8 report concludes: “For testicular cancer, there is evidence of a positive trend in risk across exposure groups, in some analyses, with the highest exposure group in both the internal analyses of the cohort study and the geographical cancer s...
	n. Mortality studies are unlikely to identify all cases of testicular cancer, and better evidence must rely on incidence data. The C8 Panel and IARC emphasized the results from the community study that documented an elevated incidence of testicular ca...

	Prostate cancer
	Both prostate cancer and bladder cancer are diagnoses that may not necessarily appear on a death certificate, as the patient may die from some other disease, rather than the cancer, because the cancer is often curable or may not be fatal for several y...
	o. In a follow-up to 3M’s 1989 mortality study carried out by Dr. Mandel, involving almost 3,000 male 3M workers at Cottage Grove from 1947 to 1983, ten years of employment in exposed jobs was associated with a statistically significant increase in pr...
	p. In 1993, Dr. Gilliland and Dr. Mandel of 3M published a paper based on the new mortality study included in Gilliland’s thesis.117F  There were mostly null findings, except, as before, for prostate cancer (a 3.3-fold increase in mortality). Again, t...
	q. In a mortality study of almost 4,000 employees exposed to PFOA, no clear tendencies were found for liver, pancreatic or testicular cancer. An increased standardized mortality ratio, however, was found for prostate cancer, and a 6.6-fold increased r...
	r. The most recent update is from a thesis completed in 2013.120F  Using air monitoring results (and ignoring non-respiratory intakes), this study of 9,000 workers hired after 1947 compared deaths at Cottage Grove with those at the unexposed St. Paul ...
	s. In support of prostate cancer as a potential outcome of PFC exposures, a nested case-control study of cancer incidence (based on diagnosis reporting, rather than mortality) in a Danish general population group focused on 713, 332, 128, and 67 cases...
	t. A recent case-control study from Sweden showed similar serum-PFC concentrations in 201 cases and 186 population-based controls. Heredity, i.e., a first-degree relative with the disease, was a risk factor, as has been documented before, and among th...

	Bladder cancer
	u. A study of PFOS-exposed workers showed that bladder cancer mortality was elevated among individuals with at least one year of exposure. I note that this finding was based on three deaths only, all of which occurred in workers deemed to have been hi...
	v. In a subsequent reevaluation of the same cohort, mail questionnaires were used to include incident cases of bladder cancer. The incidence was not found to differ much from expectation, although an increased risk among the most highly exposed worker...
	Considering uncertainties in mortality data for bladder cancer and the wide confidence intervals asssociated with small numbers of cases, these studies showed non-significant associations, but could not rule out effects of a magnitude that would be of...

	Other sites
	w. Thyroid cancer seemed elevated in one analysis, and the same was true for pancreatic cancer [296].123F  Risk of liver cancer was apparently not elevated in any study [6]. In rodents, PFOA acts as a PPARα agonist, which is linked to the development ...
	x. Apart from the focused studies referred to above, a recent review by the Institute of Medicine suggested that PFOA exposure may lead to breast cancer [297]. Likewise, the EPA’s Science Advisory Board called attention to this potential, given the el...
	y. For example, a study of 31 breast cancer cases in Greenland found elevated current serum PFC concentrations as compared to controls [299]. An extended study of 77 cases and 84 controls [300] again showed higher serum-PFC concentrations in cases com...


	2. Toxicological evidence
	a. Cancer effects in humans from PFCs are supported by experimental animal studies. The IARC evaluation considered the published evidence regarding mechanisms of PFOA-associated carcinogenesis to be moderate, which did not lead to a change in the over...
	b. PFOA was examined for carcinogenicity by the oral route of exposure in two studies in rats, with some initiation-promotion studies, as reviewed by the IARC in the evaluation discussed above [6].
	c. The results from a rat bioassay sponsored by 3M were submitted to the EPA in 1983 and almost 30 years later released in a journal publication in 2012 [225]. The results of this 2-year study documented dose-related PFOA-induced liver tumors and Leyd...
	d. Results from a second rat study showed elevated incidence of hepatocellular adenoma, testicular Leydig cell adenomas, and pancreatic acinar cell adenoma and carcinoma [301]. So far, no bioassay has been conducted in another mammal species.
	e. In mice, PFOA exposure induced stromal hyperplasia in mammary glands at 18 months, an effect that is hypothesized to increase susceptibility for tumor growth in rodents and humans [9].
	f. Certain scientists, particularly those at 3M, argue that a PPAR-related mechanism may explain liver carcinogenicity in some animal models. However, as discussed above, and as concluded in a recent risk assessment, both human and mouse PPAR-alpha ar...
	g.  Also, certain studies have used specially-bred rodents to control for any such possible affect of the PPAR. In any event, EPA guidelines suggest that the non-PPAR dependent tumors, where available data do not justify establishing a rodent-specific...

	3. Perspective
	Evidence of carcinogenicity in humans can be somewhat equivocal, mainly when occupational populations are small and relatively young, follow-up durations are short, historical exposure levels are uncertain, individuals have had simultaneous exposures ...
	When the numbers suggest a lack of statistical significance, that is only one side of the coin. The other side regards the magnitude of a possible adverse effect that could have been overlooked, given the available data. Some researchers might conclud...
	a. Regarding occupational mortality studies, a retrospective cohort study was completed in 1980 by Dr. Mandel in 1980 at the 3M Chemolite plant (Cottage Grove, Minnesota) site, as summarized in Dr. Gilliland’s thesis.125F  No significant findings were...
	b. In the mortality study of PFOA production workers carried out as part of Dr. Gilliland’s thesis project, a 3.3-fold increase in prostate cancer mortality compared to no employment in PFOA production, although based on only six prostate cancer death...
	c. In a retrospective cohort mortality study from 1995 on 3M employees in Decatur Alabama, data were collected through 1991. No significant excess in mortality was seen. It was recommended to follow up in 1998 when the 1992-1996 data would be availabl...
	d. At the request of the C8 Panel, a similar retrospective follow-up study in West Virginia included over 6,000 men and women employed during 1948-2002 and followed up through 2002. The results found little deviation that would suggest an excess cance...
	e. In regard to experimental toxicology studies, early in vitro mutagenicity assays commissioned by 3M concluded that PFOA was not mutagenic under the test conditions,129F  and this finding has been replicated in several studies since then, thus sugge...
	f. Among other potential mechanisms, immunotoxicity may be involved (see Section A). The genotoxicity question gave rise to some controversy at 3M. In connection with a 1999 13-week dietary toxicity study on N-MeFOSE exposed rats, Dr. Andrew Seacat fr...
	g. Animal toxicity studies carried out by 3M in 1978 caused some discussions with DuPont on what to conclude. On March 5, 1979, Nancy Chrewry from DuPont reviewed 3M’s new C-8 rat and monkey studies and wrote in a letter to Bill Krauss at 3M that ther...
	h. Regarding a study conducted at Riker Laboratories, Inc. in 1983, 3M and an independent research institute again had different interpretation on the tumorigenesis data obtained from a study to determine the chronic toxicity and carcinogenic potentia...
	In 1998, however, the tumorigenesis data were sent to Pathology Associates International (PAI, West Chester, OH) for review. 3M regarded the original pathology interpretations as adequate, and examination of microscopic tissue sections was not include...



	VIII. PFHxS, PFBA, and OTHER short-chain PFCs
	Certain scientists, particularly industry-affiliated scientists, have assumed that short-chain PFCs such as PFBA have lower or no toxicity based on PFBA’s short apparent elimination half-life (T½) in blood serum. However, a recent study shows that PFB...
	Given the similar structure of PFBA and other short-chain PFCs to more-studied PFCs, particularly at the end group of the chain, and their equal bio-persistence, and given the adverse human health effects that have been shown as to PFOA and PFOS, many...
	In an accompanying editorial to the Madrid Statement which I co-authored with Dr. Linda Birnbaum, Director of the National Institute of Environmental Health Sciences, we emphasize concern about the “potential risks of the short-chain” PFCs, and call f...
	In response to these statements by academic researchers, the industry FluoroCouncil agreed to much of the content, but stated that “the short-chain PFAS substances studied to date are not expected to harm human health or the environment,” as they “are...
	a. The autopsy study already mentioned analyzed a total of 21 PFCs in 99 sets of tissue samples from autopsies in Spain (brain, liver, lung, bone, and kidney) [52]. In kidney and lung, PFBA was the most frequently determined PFC, and at the highest co...
	b. Experimental animal studies on PFBS likewise show a distribution in the body that differs from PFOS [305], supporting the view that one should not assume that serum concentrations necessarily reflect organ retention levels.
	c. In its review of PFBA, the MDH referred to the following adverse effects seen in experimental studies:  delayed eye opening and delayed vaginal opening, as mention in section A, changes in cholesterol, thyroid function, and liver function [63], as ...
	d. PFBA has been shown to modulate gene expression and cause enlarged liver size and toxicity through a PPAR-related mechanism that reflects similarities with PFOA toxicity [307]. Most of the effects also occurred in PPAR-alpha humanized mice, thus su...
	e. Among known effects of the related C4, PFBS, is inhibition of the enzyme aromatase, an effect that would suggest potential endocrine disruption, and changes in lipid metabolism, in placental cells [199].
	f. Epidemiological evidence cited above shows that elevated serum-PFHxS concentrations are associated with lowered antibody responses to vaccinations [35, 126, 128], lowered fecundity [159], abnormalities of menstrual cycles [167], lowered sperm count...
	As major adverse effects have only recently been addressed in scientific publications, new evidence in this area will likely emerge in the future. Thus, the true risk of PFC-associated adverse health effects is probably even greater than it appears so...
	That said, even based on the evidence to date, given the similar structure of PFBA and PFHxS to other more-studied PFCs particularly at the end group of the chain, given the adverse human health effects that have been shown as to PFOA and PFOS, and gi...

	IX. RISK ASSESSMENTS AND CURRENT LIMITS FOR PFC EXPOSURE
	When translating scientific insight and documentation into public rule making, the evidence is scrutinized in a process usually referred to as risk assessment. If the evidence is substantial, it is often easier to reach a conclusion, but oftentimes, t...
	The weaknesses of risk assessment as currently practiced were highlighted by a committee of the U.S. National Research Council (NRC) [111]. A particular concern was the default assumptions (or lack of same), in particular the so-called “untested chemi...
	In the present context, two main concerns will be highlighted, i.e., the identity of the population(s) at greatest risk, and the likely target organs that may suffer adverse effects at the lowest doses. This section will also include a brief review of...
	Pregnant women and young children must be considered populations at increased risk due to the vulnerability during early development. Other population groups at increased risk include adults with pre-existing diseases of the kidneys, the liver, or the...
	Regarding target organs, most risk assessments have focused on the liver, as rodent studies have clearly documented increased liver size and some functional changes as being strongly related to elevated PFC exposures. However, species differences, par...
	A. Drinking water limits
	The limits set by the EPA, the states, and various foreign governments vary from each other (see Table 3), based on values and assumptions used, and based on how recently the limits have been set or revised [311]. Differences between the acceptable li...
	Table 3. Examples of current limits for PFC concentrations (ng/L) in drinking water in different jurisdictions.
	Most limits address individual PFCs, but the Swedish limit, for example, accounts for the sum of major PFC contaminants. Likewise, some agencies have decided for a joint limit for PFOS and PFHxS. Recent toxicology evidence suggests that adverse effect...
	The present subsection will first summarize the most relevant limits, mainly for concentrations in drinking water. The great variability in the numbers illustrated by the above table must be considered in light of changing needs for exposure limits in...
	1. Federal and state drinking water limits
	EPA
	In 2009, the EPA issued provisional health advisories of 0.4 µg/L (400 ng/L) for PFOA, and 0.2 µg/L (200 ng/L) for PFOS [314]. At the time, EPA concluded that “[e]pidemiological studies of exposure to PFOA and adverse health outcomes in humans are inc...

	Agency for Toxic Substances and Disease Registry
	The Agency for Toxic Substances and Disease Registry (ATSDR) first issued a draft toxicological profile in 2009, but concluded that there was insufficient evidence at the time to develop a minimal risk level [17]. An updated version from 2015 [4] agai...

	Minnesota Department of Health
	The MHD in 2008 issued Health Risk Limits (HRLs) for PFOS and PFOA, i.e., upper limits in concentrations in water that are believed at the time to pose little or no appreciable risk to a person drinking the water [315]. The HRLs are proposed and adopt...
	These limits have recently been revised. In May of 2017, MDH released its updated limits of 0.027 µg/L and 0.035 µg/L for PFOS and PFOA, respectively. The lowered limits were considered to better protect the fetus and the breastfed infant. The MDH rel...
	Notably, in regard to the RfD for PFOS of 0.0051 µg/kg/day and the corresponding serum concentration of 63 ng/ml, the MDH provides the following caveat: “Note: this serum concentration is inappropriate to use for individual assessment. Serum concentra...
	Previously, MDH had established HRLs for PFBA and PFBS, with chronic exposure limits of 7 µg/L. These two HRLs were based on PFBA effects on liver, thyroid, blood, cholesterol, and developmental changes, and PFBS effects on blood, kidney and liver cha...
	MDH also released guidance regarding PFHxS that identified effects of PFHxS on body weight, blood, and cholesterol in experimental studies that occurred at a similar human equivalent dose as was determined for the PFOS HRL. MDH has indicated that whil...

	Other U.S. states
	Using slightly different assumptions, the state of New Jersey at first decided on a limit of 0.04 µg/L (40 ng/L) (and recently lowered that, see below) for PFOA. New Jersey relies on an adult drinking water intake rate of 2 liters per day (for a BW of...
	New Jersey’s revised limits are among the most recent revisions [10], and it took into account a cancer risk assessment. Based on evidence on testicular cancer in rats, a cancer slope factor was calculated, and a lifetime risk of 1 x 10-6 was found to...
	Several other states have decided on PFC limits for drinking water. Limits published several years ago tend to be higher. For example, the State of North Carolina used assumptions similar to those previously used by New Jersey, but North Carolina had ...


	2. Foreign exposure limits
	European Food Safety Authority
	The European Food Safety Authority (EFSA) in 2008 released its recommended Tolerable Daily Intake (TDI) at 1.5 µg/kg day for PFOA and 150 ng/kg (0.15 µg/kg day) for PFOS [1]. These limits rely on the same animal toxicology data as the assessments publ...


	3. Fish consumption advice
	In the aquatic environment, some PFCs accumulate in fish. In Mississippi River Pool 2, for example, PFOS was generally detectable in surface water samples up to a level of 136 ng/L [23]. As reviewed above under exposure sources, PFC contamination of w...
	Using similar risk assessment methodologies and calculations as described in regard to the water limit, below, with a meal size of 227 g fish for a 70-kg adult, the MDH has issued a health-based fish consumption advice of > 40 ng/g PFOS (1 meal/week) ...


	B. Setting drinking water health limits
	1. Cancer slope factor
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