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1 Background 
Environmental Risk Sciences Pty Ltd (enRiskS) has been engaged by NSW Health to prepare 
technical advice for consideration by the NSW Health PFAS Technical Advisory Panel.  

This document provides a summary of the information in relation to the mechanism of action (MoA) 
for PFAS and what is currently known. Information on MoA is valuable in (Fenton et al. 2021):

 establishing human relevance of experimental evidence 
 assessing causality in epidemiology studies 
 -
 assessing risks from mixtures 
 guiding development and interpretation of new approach methodologies 
 informing the development of biomarkers in epidemiological investigations 
 identifying potential vulnerable subpopulations and life-state specific effects. 

Due to the discrepancy in safe doses for PFOS and PFOA across difference government agencies 
and countries, the Steering Committee of the Alliance for Risk Assessment (ARA) established 
technical teams with representation from multiple countries to better understand this issue. The 
outcomes from this work have been summarised in two scientific publications, one focused on 
PFOA and the other focused on PFOS: 

 Burgoon L.D. et al. (Burgoon et al. 2023). Range of the perfluorooctanoate (PFOA) safe 
dose for human health: An international collaboration. Regulatory Toxicology and 
Pharmacology. 

 Dourson M.L. et al. (in review) Range of the perfluorooctane sulfonic acid (PFOS) safe dose 
for human health: An international collaboration. Archives of Toxicology. 

Both of the papers listed above provide a summary of what is known about the MoA for PFOA and 
PFOA. Section 3 provides a summary from these papers and key takeaways are provided in 
Section 2. 
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2 Key takeaways 
The group of international collaborators that formed as part of the ARA reviewed information in 
relation to the MoA of PFOA and PFOS. The groups found a consensus on the following: 

 PFOA 
o several MoAs could be envisioned but not enough evidence exists to establish any 

one of these MoAs with certainty 
o the available evidence suggests that the most likely MoA for PFOA involves fatty acid 

mimicry 
o certain effects appear to be irrelevant for the determination of a safe dose in the 

absence of MoA information relevant to humans, specifically differences in 
cholesterol and vaccine response 

o studying inflection points or perhaps hormesis might help resolve why there is a 
100,000-fold difference in the PFOA safe dose internationally 

 PFOS 
o MoAs at environmentally relevant exposures of PFOS could not be identified with 

reasonable certainty 
o disruption of hepatic processing of lipids, including cholesterol, is a MoA for PFOS at 

high exposure levels in laboratory rats, mice and monkeys 
o due to species-specific differences, rats and mice are inherently more sensitive to the 

hepatic effects of PFOS than are guinea pigs, monkeys and presumably humans. 

3 Summary of mechanism of action evidence 

3.1 PFOA 

Burgoon et al. (Burgoon et al. 2023) outlined that it was difficult to identify MoAs for the various 
effects of PFOA because little mechanistic evidence could be found. The evidence that was 
available related to the disruption of lipid and fatty acid processing in the liver, which has been 
suggested to be responsible for many of the liver effects of PFOA observed in rodents. These liver 
effects have been shown to involve activation of multiple, related nuclear receptors, including 

. 

The information outlined above is based on responses in rodents. However, humans and rodents 
have been shown to have different responses to lipid-related receptor activation. In both species, 
there is a core response leading to upregulation of a family of genes controlling fatty acid 

cells more responsive to proliferation. Hence, there is uncertainty in the relevance of the rodent data 
for the development of a safe dose for PFOA.  

Burgoon et al. (2023) outlined that there was general agreement that the most likely MoA for PFOA 
involves fatty acid mimicry. Fatty acids serve several functions in multiple systems of the body 
including the ability of the cell to maintain normal fatty acid homeostasis.  

This review also included discussion of some epidemiology studies, primarily the ones that reporting 
associations between PFOA blood concentrations and vaccine response and total cholesterol as 
these are the endpoints that are mainly referred to when safe doses have been derived from 
epidemiological data.  
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Burgoon et al (2023) outlined that not all critical effects from the epidemiological studies were 
thought relevant to risk assessment intended to protect human health. This was primarily due to an 
absence of a postulated MoA linking early necessary key events to late key events. 

The international collaborators that formed as part of the ARA found a consensus on the following 
points in relation to MoA: 

 several MoAs could be envisioned but not enough evidence existed to establish any one of 
these MoAs with certainty 

 certain effects appear to be irrelevant for the determination of a safe dose in the absence of 
MoA information relevant to humans, specifically differences in cholesterol and vaccine 
response 

 studying inflection points or perhaps hormesis might help resolve why there is a 100,000-fold 
difference in the PFOA safe dose internationally. 

3.2 PFOS 

The review of MoAs presented in Dourson et al. (in review) attempted to discern likely PFOS-
induced adverse effects, focusing on which MoAs might operate at environmentally relevant levels 
of exposure. The groups undertaking these reviews could identify MoAs in laboratory animals at 
high PFOS exposures but could not identify any MoA for potentially adverse effects of PFOS in 
humans who are typically exposed to low dose rates only. 

It was noted that immunotoxicity in humans or laboratory mice was the critical effect relied on in 
whole or in part by EFSA and USEPA. However, no immune system-based MoA could be identified 
for either humans or mice. It was also noted that high level exposures of PFOS disrupt lipid 
processing in the liver of laboratory rats, mice and monkeys, with effects similar to those discussed 
for PFOA. However, as discussed for PFOA (Section 3.1), rats and mice are known to be poor 
models for humans with regard to metabolism of lipids and cholesterol. This is due to a secondary 

This 
secondary pathway does not occur in humans.  

The international collaborators that formed as part of the ARA found a consensus on the following: 

 MoAs at environmentally relevant exposures of PFOS could not be identified with 
reasonable certainty 

 disruption of hepatic processing of lipids, including cholesterol, is a MoA for PFOS at high 
exposure levels in laboratory rats, mice and monkeys 

 due to species-specific differences, rats and mice are inherently more sensitive to the 
hepatic effects of PFOS than are guinea pigs, monkeys and presumably humans.  
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1 Background 
Environmental Risk Sciences Pty Ltd (enRiskS) has been engaged by NSW Health to prepare 
technical advice for consideration by the NSW Health PFAS Technical Advisory Panel.  

This document provides a summary of the available information regarding the role of 
epidemiological studies for health outcomes in affected communities, with a focus on cholesterol 
effects, endocrine effects and oncology. This summary has been prepared using the following
Australian and international reviews: 

 Agency for Toxic Substances and Disease Registry (ATSDR) (2021) Toxicological Profile for 
Perfluoroalkyls, released May 2021, Last Updated March 2020 (ATSDR 2021)1 

 Australian National University (ANU) (2021) PFAS Health Study Overall summary, 
December 2021 (ANU 2021a)2 

 Australian National University (ANU) The PFAS Health Study, Systematic Literature Review 
(ANU 2018)2 

 EFSA Panel on Contaminants in the Food Chain et al. (2020) Risk to human health related 
to the presence of perfluoroalkyl substances in food. (EFSA 2020)3 

 Food Standards Australia New Zealand. Hazard assessment report  Perfluorooctane 
Sulfonate (PFOS), Perfulorooctanoic Acid (PFOA), Perfulorohexane Sulfonate (PFHxS). 
(FSANZ 2017)4 

 International Agency for Research on Cancer (IARC) Perfluorooctanoic Acid (PFOA) and 
Perfluorooctanesulfonic Acid (PFOS), IARC Monographs on the Identification of 
Carcinogenic Hazards to Humans Volume 135 (IARC 2025)5.   

 

1 https://www.atsdr.cdc.gov/toxprofiles/tp200.pdf 
2 https://nceph.anu.edu.au/research/research-projects/pfas-health-study 
3 https://efsa.onlinelibrary.wiley.com/doi/10.2903/j.efsa.2020.6223  
4 https://www.health.gov.au/sites/default/files/documents/2022/07/perfluorinated-chemicals-in-food-hazard-assessment.pdf 
5 https://publications.iarc.who.int/636 

Environmental Risk Sciences Pty Ltd 
P.O. Box 2537 
Carlingford Court, NSW 2118 
 
Phone: +61 2 9614 0297 
www.enrisks.com.au  



2 | P a g e

 USEPA (2024) Human Health Toxicity Assessment for PFOA and related salts6 (USEPA 
2024a) 

 USEPA (2024) Human Health Toxicity Assessment for PFOS and related salts7(USEPA 
2024b) 

 World Health Organization (WHO) (2022) PFOS and PFOA in Drinking-water. Draft 
background document for the development of WHO Guidelines for Drinking-water Quality 
(29 September 2022) Version for public review, now withdrawn. (WHO 2022)8. 

In addition to the above this document also provides more detailed commentary on the key 
epidemiological studies in relation to immune effects (vaccine response) that have been relied upon 
and that form the basis of the toxicity reference values derived and adopted by EFSA (EFSA Panel 
on Contaminants in the Food Chain (CONTAM Panel) et al. 2020) and USEPA (USEPA 2024b, 
2024a). 

2 Key takeaways 
The key takeaways regarding the role of epidemiological studies for health outcomes in affected 
communities, with a focus on endocrine, oncology and cholesterol effects are: 

 interpreting epidemiology data can be challenging and inconclusive due to the presence of 
many confounding factors (e.g. smoking, poor diet), bias, effects of chance, exposure to a 
PFAS mixture (not just PFOS or PFOA), inability to generate a clearly defined dose-
response relationship, and PFAS serum concentrations are often reported to not be 
significantly different from background 

 PFAS have been detected in the serum of workers, communities living near PFAS 
manufacturing facilities, and the general population. PFAS concentrations in occupationally 
exposed workers are 100 to 1,000-fold higher than those in the general populations 

 The biological significance of some of the observed effects in humans has been questioned 
i.e. just because an effect is observed it does not mean it is, or will lead to, an adverse 
effect. The observed effects need to be biologically relevant for humans  

 Immune effects: 
o EFSA and USEPA have relied on epidemiological studies that show associations 

between PFOS and PFOA and immunosuppression, measured as a reduced 
response to vaccination as critical endpoints for establishing toxicity reference values

o The epidemiological studies relied upon by EFSA and USEPA have numerous 
issues, including lack of dose-response and no consideration of any clinical 
relevance. 

o The issues with these studies and reviews conducted by FSANZ in relation to 
immune effects conclude that while epidemiological studies provide some evidence 

 

6 https://www.epa.gov/sdwa/human-health-toxicity-assessment-perfluorooctanoic-acid-pfoa  
7 https://www.epa.gov/sdwa/human-health-toxicity-assessment-perfluorooctane-sulfonic-acid-pfos  
8 https://www.who.int/teams/environment-climate-change-and-health/water-sanitation-and-health/chemical-hazards-in-drinking-water/per-
and-polyfluoroalkyl-substances  
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of statistical associations between PFAS blood levels and impaired vaccine 
response, increased susceptibility to infectious disease and hypersensitivity 
responses, the data are insufficient to establish causal relationships and it cannot be 
ruled out with reasonable confidence that the observed statistical associations may 
have been due to confounding, bias or chance. 

 Cholesterol:  
o most regulatory agencies identified sufficient evidence to support an association 

between PFOS and PFOA exposure, and elevated blood cholesterol, low-density 
lipoprotein (LDL) and triglycerides. However, insufficient data are available to 
associate this change to a biologically relevant outcome e.g., cardiovascular disease

o the actual toxic mechanisms for these effects in humans have not been determined 
o due to data limitations and other confounding factors, it was concluded by all 

regulatory agencies that the cholesterol human data are unsuitable for use in 
establishing PFAS health-based guidelines 

 Endocrine effects: 
o the thyroid, reproductive hormones and prevalence of diabetes are the most 

commonly evaluated aspect of the endocrine system 
o although some associations between serum PFAS and TSH, T3 and (T4) levels or 

thyroid disease have been found, the results are not consistent across studies and a 
larger number of studies have not found associations 

 Oncology effects: 
o some regulatory agencies (including EFSA, FSANZ and WHO) consider that there 

are insufficient epidemiological data to support carcinogenicity of PFOS and PFOA in 
humans 

o IARC concluded that the epidemiological data are conflicting and too few to allow an 
evaluation of the evidence on PFOA and PFOS exposure and risk of all cancers 
combined 

o  based on the evidence of 
likely to be 

carcinogenic
potential to humans. 

 In general, epidemiology studies have failed to draw conclusive/causal links between 
exposure to PFAS and adverse health effects relating to cholesterol, endocrine effects and 
cancer. In vitro studies with human cells/tissues over a range of relevant concentrations are 
critically needed to elucidate potential modes of action for effects reported in epidemiological 
studies in order to support any reliable assessment of causality. 
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3 Epidemiology studies 

3.1 General 

Epidemiology is the study of the distribution (frequency and pattern of health events) and 
determinants (the causes) of health-related states or events in specified human populations. The 
study relies on using a systematic and unbiased approach to the collection, analysis and 
interpretation of data.  

The main study designs used in epidemiology studies include: 

 cross-sectional: where data on both exposure and outcome are collected simultaneously for 
a moment in time 

 longitudinal: were data on both exposure and outcome are collected over time with 
continuous or repeated monitoring 

 cohort: group of people with a common characteristic is followed over time e.g., occupational 
cohorts from a workplace).  

Interpreting epidemiology data can be challenging and inconclusive due to the presence of: 

 confounding factors that provide an alternative explanation for health effects such as 
smoking, poor diet or alcohol consumption 

 bias (information or selection bias)  
 effects of chance (random variation) where smaller sample sizes are more likely than larger 

sample sizes to have effect estimates that are imprecise 
 chemical mixtures in particular for PFAS where populations are exposure to many PFAS, yet 

the study aims to establish a causal relationship for one or two PFAS of interest 
 in ability to generate a clearly defined dose-response relationship and identify clinically 

relevant adverse outcomes in humans (refer to Section 3.3) 
 PFAS serum concentrations are often reported to not be significantly different from 

background, making it difficult to assign a clear exposure-response association.  

Therefore, obtaining robust information to develop health-based guidelines using data from 
epidemiology studies is challenging and, therefore, rarely used.  

Burgoon et al. (2023) identifies that in vitro studies with human cells/tissues over a range of relevant 
concentrations are critically needed to elucidate potential modes of action for effects reported in 
epidemiological studies in order to support any reliable assessment of causality.  

3.2 Biologically relevant outcomes 

Epidemiological studies attempt to compare two sets of data with the objective of determining if one 
set of data are statistically different from the other. For example, in PFOS exposure human studies, 
this may involve gathering data on serum total cholesterol levels in populations exposed and not 
exposed to PFOS. If an increase or decrease in serum levels between the two exposures (data 
sets) sit outside a preestablished criteria, the results are identified as statistically significant. 
However, these results do not provide information as to whether this statistical difference has a 
biological effect or has a clinically relevant outcome.  

Therefore, just because an effect is observed it does not mean that it is, or will lead to, an adverse 
health effect.  
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Biologically relevant outcomes for the three health effects considered in this report include:  

 cholesterol effects: serum cholesterol and triglycerides are risk factors for cardiovascular 
related diseases. Elevated levels of total cholesterol, LDL and triglycerides are associated 
with increased cardiovascular risk, while elevated levels of HDL are associated with reduced 
risk. Biologically relevant outcome when assessing serum cholesterol includes the incidence 
of cardiovascular related diseases.  

 endocrine: the endocrine system regulates our heart rate, metabolism, appetite, mood, 
sexual function, reproduction, growth, development and sleep cycle. Therefore, toxicity 
effects on endocrine function could be reflected in multiple systems in the body. For many of 
the effects evaluated for the endocrine system, determining which are different to normal 
population variability, biologically and also clinically relevant is a challenge. 

 oncology: biologically relevant outcomes include incidence of cancers such as liver, bladder, 
kidney, prostrate and breast.  

3.3 PFAS epidemiology studies 

PFAS have been detected in the serum of workers, residents living near PFAS facilities, and the 
general population (ATSDR 2021). The majority of epidemiology studies have focused on the 
possible adverse health outcome associations due to PFOS and PFOA exposure and have used 
blood serum PFAS levels as a biomarker of exposure (because PFAS accumulates in the blood 
serum).  

The three primary sources of epidemiology exposure are from: 

 occupational exposure of workers at PFAS manufacturing facilities such as the 3M 
manufacturing facilities in USA and Belgium 

 communities living near PFAS manufacturing facilities with elevated PFAS in drinking water
such as the C8 communities living near the DuPont Washington Works facility in 
Parkersburg, West Virginia USA 

 general population studies exposed to background concentrations of PFAS that are found in 
a range of consumer products such as, but not limited to, carpets, clothes, food packaging, 
non-stick cookware, cosmetics and stain repellents.  

Research into health effects from PFAS exposure has been conducted mainly through cross-
sectional and cohort studies, with a large number of earlier studies using data from existing 
longitudinal studies. The key PFAS studies on human health identified by ANU (2018) are: 

 USA: the C8 Health Project (communities surrounding the DuPont Works Plant in 
Parkersburg), the National Health and Nutrition Examination Survey (NHANES), and the 
Health Outcomes and Measure of Environment (HOME) Study 

 Europe: the Danish National Birth Cohort (DNBC) and the Inuit-Endocrine (INUENDO) 
Cohort Study 

 Asia: birth cohort studies in Japan and Taiwan.  

PFAS concentrations are generally 2 to 3 orders of magnitude higher in the blood of occupationally 
exposed workers (100  1,000 fold higher) than those of the general population (FSANZ 2017). 
Such workers are typically exposed in a more regular manner (sometimes daily) and potentially for a 
longer duration than adults in the general population. At the same time, workers tend to be healthier 
than non-workers which may lead to a reduced susceptibility to chemical exposure; this is known as 
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reported separately from studies among adults in the general population.  

4 Summary of epidemiological research 

4.1 Immune effects 

4.1.1 Background 

Both EFSA (European Food Safety Agency) and USEPA have made use of studies by Grandjean 
and others in Faroe Islands in relation to effects of various PFAS on the immune system. These are 
the epidemiological studies upon which both agencies derive threshold toxicity reference values, 
hence it is important that this review consider these studies as they are considered to be critical 
studies. 

The major reviews include: 

 EFSA (2020) Risk to human health related to the presence of perfluoroalkyl substances in 
food9 

 USEPA (2024a) Human Health Toxicity Assessment for PFOA and related salts10 
 USEPA (2024b) Human Health Toxicity Assessment for PFOS and related salts11 

The specific epidemiological studies include: 

 Grandjean P, Andersen EW, Budtz-Jorgensen E, Nielsen F, Molbak K, Weihe P, et al. 
Serum vaccine antibody concentrations in children exposed to perfluorinated compounds. 
JAMA: the Journal of the American Medical Association. 2012; 307(4): 391 7. 

 Grandjean P, Heilmann C, Weihe P, Nielsen F, Mogensen UB, Timmermann A, et al. 
Estimated exposures to perfluorinated compounds in infancy predict attenuated vaccine 
antibody concentrations at age 5-years. J Immunotoxicol. 2017; 14(1): 188 95. 
https://doi.org/10.1080/1547691X.2017.1360968 PMID: 28805477 

 Kielsen K, Shamim Z, Ryder LP, Nielsen F, Grandjean P, Budtz-Jorgensen E, et al. Antibody 
response to booster vaccination with tetanus and diphtheria in adults exposed to 
perfluorinated alkylates. J Immunotoxicol. 2016; 13(2): 270 3. 
https://doi.org/10.3109/1547691X.2015.1067259 PMID: 26181512 

 Looker C, Luster MI, Calafat AM, Johnson VJ, Burleson GR, Burleson FG, et al. Influenza 
vaccine response in adults exposed to perfluorooctanoate and perfluorooctanesulfonate. 
Toxicol Sci. 2014; 138 (1): 76 88. https://doi.org/10.1093/toxsci/kft269 PMID: 24284791

 

9 https://www.efsa.europa.eu/en/efsajournal/pub/6223  
10 https://www.epa.gov/sdwa/human-health-toxicity-assessment-perfluorooctanoic-acid-pfoa  
11 https://www.epa.gov/sdwa/human-health-toxicity-assessment-perfluorooctane-sulfonic-acid-pfos  
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 National Toxicology Program. Immunotoxicity Associated with Exposure to Perfluorooctanoic 
Acid (PFOA) or Perfluorooctane Sulfonate (PFOS). Raleigh, NC: National Toxicology 
Program; 2016. Contract No.: 17 May. 

4.1.2 Animal studies 

Studies in experimental animals show effects on the immune system from exposure to PFAS. EFSA 
and USEPA looked for studies in people to check for similar effects. 

The USEPA reviews for PFOS and PFOA indicate the following in relation to effects in experimental 
animals: 

 PFOS  2 appropriate studies in rats; studies showed effects on extramedullary 
hematopoiesis in spleen, bone marrow hypocellularity and reduced PFC (plaque forming cell 
response to SRBC) response in mice (including in pups) 

 PFOA  1 appropriate study; study showed decreased IgM response to SRBC 

The reference doses calculated by USEPA based on the relevant point of departure in these studies 
were: 

 PFOS 
o 1x10-5 mg/kg bw/day based on reduced PFC response 
o 1x10-6 mg/kg bw/day based on extramedullary hematopoiesis in spleen 

 PFOA 
o 7x10-6 mg/kg bw/day based in decreased IgM response to SRBC 

These reference doses are based on serum concentrations in the animals converted to a human 
equivalent dose using PBPK modelling. An uncertainty factor of 300 was applied to the human 
equivalent serum concentration for the 1 study for PFOA and 1 of the studies for PFOS. The other 
study for PFOS had an uncertainty factor of 30 applied. 

4.1.3 Epidemiological studies 

Faroe Islands 

Grandjean et al. (2012) and Budtz-Jorgensen and Grandjean (2018) are the papers that looked at 
the relationship between concentrations of individual PFAS in serum in children who had been 
vaccinated for tetanus and diphtheria and the antibodies from the vaccinations in the Faroe Islands 
(Budtz-Jørgensen & Grandjean 2018; Grandjean et al. 2012). 

The figure below shows the associations found (Grandjean et al. 2012). 
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There are a range of issues with these results including: 

 Background/exposures to multiple chemicals with this type of effect 
o Children being vaccinated live in a location (Faroe Islands) where exposure to a wide 

range of persistent organic pollutants (POPs) is occurring. Due to the grasshopper 
effect, chemicals like PCBs, organochlorine pesticides, dioxin-like compounds, 
brominated flame retardants and PFAS get transported towards the north pole 
resulting in higher exposures for people who live in more northerly areas. 

o These children were acknowledged as having detectable levels of this range of 
chemicals in their systems and most of these chemicals are known to have immune 
system effects. 

o Regardless of the presence of chemicals like PCBs or organochlorine pesticides, 
these children had levels of numerous PFAS. 

o This means allocating any effect on the immune system to only 1 chemical (or group) 
is highly problematic. 

o Sampling occurred in 1997-2000. 
o Serum samples were collected from the mothers at week 32 and in the children at 

age 5  i.e. only measured on 1 occasion. 
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 PFOA 
o The levels of PFOA in the serum of these children were almost entirely between 2 

and 8 ng/mL. 
o This is a very small range and, based on the fundamentals of analytical chemistry, 

not actually likely to be confidently different  given measurement uncertainty and 
sampling uncertainty. 

o There is almost no clear dose response for PFOA so is it really possible to determine 
an association? 

o All children had clinically relevant response to the vaccinations (i.e. >0.1 IU/mL) i.e. 
no child had such a reduction in their response to the vaccine that they could be 
considered as not being successfully vaccinated. 

o US NHANES studies of PFAS in serum commenced in 1999/2000. The median 
serum concentration and the geometric mean concentration for PFOA in 1999/00 for 
the total population sampled was 5.2 ng/mL (confidence limits 4.8-5.9 ng/mL). The 
95th percentile concentration was 11.9 ng/mL (confidence limits 11-13.5 ng/mL)12.  

o The median serum concentration and the geometric mean concentration for PFOA in 
1999/00 for ages 12-19 was 5.6 ng/mL (confidence limits 4.8-6.2 ng/mL). The 95th

percentile concentration was 11.6 ng/mL (confidence limits 10-12.5 ng/mL). 
o Australian data for serum PFOA concentrations were around 10 ng/mL in 2002/03 

(average) (Toms et al. 2019). 
o These additional results from other locations indicate that the serum concentrations 

in children in the Faroe Islands were not particularly different from other more urban 
locations. 

o The endpoints calculated from the Faroe Island data were based on a 5% change in 
the antibody levels but there is no discussion as to whether that is a significant 
difference within a population or whether that is actually the normal variability in 
antibody concentrations post vaccination. 

 PFOS 
o The serum concentrations of PFOS in these children covered a wider range  8 and 

32 ng/mL. 
o Analytical limitations should not mean that these concentrations could not be 

differentiated. 
o There is more of a dose response between antibody levels and PFOS serum 

concentrations, but it is still not strong. 
o All children had clinically relevant response to the vaccinations (i.e. >0.1 IU/mL) i.e. 

no child had such a reduction in their response to the vaccine that they could be 
considered as not being successfully vaccinated. 

o The endpoints calculated from the Faroe Island data were based on a 5% change in 
the antibody levels but there is no discussion as to whether that is a significant 

 

12 https://www.cdc.gov/biomonitoring/resources/national-exposure-report.html  



10 | P a g e

difference within a population or whether that is actually the normal variability in 
antibody concentrations post vaccination. 

o US NHANES studies of PFAS in serum commenced in 1999/2000. The median 
serum concentration and the geometric mean concentration for PFOS in 1999/00 for 
the total population sampled was 30 ng/mL (confidence limits 28-34 ng/mL). The 95th

percentile concentration was 76 ng/mL (confidence limits 59-98 ng/mL)13. 
o The median serum concentration and the geometric mean concentration in 1999/00 

for ages 12-19 was 29.5 ng/mL (confidence limits 27-34 ng/mL). The 95th percentile 
concentration was 58 ng/mL (confidence limits 53-70 ng/mL). 

o Australian data for serum PFOS concentrations were around 30 ng/mL in 2002/03 
(average) (Toms et al. 2019). 

o These additional results from other locations indicate that the serum concentrations 
in children in the Faroe Islands were actually lower than or the same as levels in 
other more urban locations. 

It is assumed that, if most developed countries had similar (or higher) serum concentrations of 
PFOS and PFOA compared to these children AND that the findings about lowered vaccine 
response were clinically relevant/significant, then most countries would have noticed such a change. 
Australia does not check antibody response to vaccination in the general population, but it is 
understood that antibody levels are regularly checked in health workers. If there was an issue with 
the response to vaccines (regardless of the reason why response was changing), then surely this 
would have been noticed and discussed. 

Greenland 

These researchers have undertaken a similar study in children in Greenland that the USEPA has 
also considered (Timmermann et al. 2022). The findings did show a decrease in antibody levels with 
some PFAS but confidence intervals were wide and the strength of the associations was not high. 
These children had higher levels of PCBs and mercury than commonly seen in the US. They had 
quite low serum concentrations of PFAS compared to larger populations. Exposures to all of these 
chemicals were often strongly correlated. 

4.1.4 Reference doses based on immune system effects 

The USEPA has made use of the data discussed above to determine reference doses (USEPA 
2024b, 2024a).  

They determined a reference dose for PFOA of 2-3 x10-8 mg/kg bw/day from these studies. For 
PFOS, they determined a reference dose for PFOA of 1-3 x10-7 mg/kg bw/day from these studies. 

EFSA determined that the Grandjean studies were not appropriate for determining a tolerable dose 
but there were other studies from Germany that provided appropriate information. They determined 
a tolerable daily intake of 6.3x10-5 mg/kg bw/day for PFOS+PFOA+PFNA+PFHxS. They noted that 

 

13 https://www.cdc.gov/biomonitoring/resources/national-exposure-report.html  
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studies in experimental animals gave a more stringent tolerable daily intake but they decided to use 
the human data. 

4.1.5 FSANZ review of immune effects 

A supporting study conducted by ToxConsult (ToxConsult 2017) reviewed the available literature 
relating to immune system effects and concluded: 

 
influence of route of administration on immune system modulation by PFOS that have yet to 
be resolved.  

 From the studies reviewed a reliable PFOS NOEL or LOEL for possible compromised 
immune function cannot be determined.  

 It is considered inappropriate for potential modulation of the immune system by PFOS to be 
quantitatively incorporated into human health risk assessments for PFOS exposure at this 

 

In 2021, FSANZ issued an updated review of PFAS and immune effects (FSANZ 2021), that 
concluded: 

In summary, new epidemiological studies provide some evidence of statistical associations 
between PFAS blood levels and impaired vaccine response, increased susceptibility to infectious 
disease and hypersensitivity responses. However, the data are insufficient to establish causal 
relationships and it cannot be ruled out with reasonable confidence that the observed statistical 
associations may have been due to confounding, bias or chance. On the basis of the uncertainties 
and limitations in the evidence base, immunomodulation is not currently considered suitable as a 

 

This outcome is consistent with above comments regarding the quality and reliability of the 
underlying epidemiological studies. 

4.2 Increased cholesterol 

Serum cholesterol and triglycerides are well established risk factors for cardiovascular related 
disease such as ischemic heart diseases, coronary artery disease, hypertension and 
atherosclerosis (plaque build-up inside arteries and hardening and narrowing of their walls). 

Major cholesterol species in serum include LDL (low density lipoprotein) and HDL (high density 
lipoprotein) cholesterol. HDL supports the transport of cholesterol from tissues to the liver, and 
therefore, facilitate the removal of cholesterol from the body. In contrast, LDL supports the 
distribution of cholesterol to cells rather than removal from the body. Elevated levels of total 
cholesterol, LDL and triglycerides are associated with increased cardiovascular risks, whereas 
higher levels of HDL are associated with lower risks.  

Evidence for serum lipid changes are synthesised by population groups such as children, pregnant 
women, adults and occupational populations, because differences in the interpretation of an effect 
can differ between these groups. For example, elevated total cholesterol, LDL and triglycerides are 
associated with increased cardiovascular risks in adults, while serum lipid changes in children are 
age-dependent and fluctuate during puberty.  
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A summary of the epidemiological studies that evaluate the effects on cholesterol from PFAS 
exposure is provided in Table 1. A summary of epidemiological evaluation provided by Australian 
and international regulatory agencies on cholesterol effects is provided in Table 2.  

Table 1: Summary of epidemiological studies evaluating effects on cholesterol 

Study type Summary 

ANU (2021a) 
PFAS Health 
Study 

A PFAS Health Study was conducted by the Department of Applied Epidemiology at the Australian 
National University to examine exposure and potential health effects of PFAS in the towns of 
Oakey (Queensland), Williamtown (NSW) and Katherine (Northern Territory) where historical use 
of aqueous film forming foams were used on Australian Defence Force bases. The study was 
conducted between 2016 and 2021.  
Results from 2,587 people living or working in Katherine, Oakey and Williamtown were compared 
to 702 people living in three comparison communities without known environmental contamination. 

ANU (2018) PFAS 
Health Study 
Systematic 
Literature Review 

The Australian National University performed a systematic literature review of the human health 
effects from exposure to PFAS to describe currently known health effects of PFAS and examine 
the consistency of evidence regarding the relationship between PFAS exposure and different 
health outcomes. The review evaluated data from 221 papers. Of interest for this report, the 
literature review evaluated elevated blood cholesterol from 25 papers.  

ATSDR (2021) Identified the following epidemiology studies evaluating serum lipid outcomes (cholesterol) in 
humans: 

 PFOA: 9 occupational studies, 6 community studies, 15 general population studies 
 PFOS: 2 occupational studies, 2 community studies, 16 general population studies 
 PFHxS: 8 general population studies 
 PFNA: 1 occupation study, 8 general population studies 
 PFDA: 6 general population studies 
 PFUnA: 5 general population studies 

other PFAS: 5 general population studies. 
EFSA (2020) For PFOS and PFOA, EFSA (2020) reviewed 26 publications in 16 study cohorts on association 

with serum lipids including cholesterol. The majority of these studies were on the general 
population, and some were performed on occupational worker cohorts. The studies comprised 
both cross-sectional and longitudinal studies.  

USEPA (2024b) 
PFOS 

Evaluated 15 studies that investigated the association between PFOA and serum lipid effects. Of 
these studies, 41 were classified as low confidence in one or more metric, and 8 studies were 
considered to be uninformative. Data from the remaining studies were used to inform the 
assessment. The study findings were grouped into four main populations: children, pregnant 
women, general adult population, and occupational workers. 

USEPA (2024a) 
PFOA 

Evaluated 86 studies that investigated the association between PFOA and serum lipid effects. Of 
these studies, 48 were classified as low confidence in one or more metric, and 9 studies were 
considered to be uninformative. Data from the remaining studies were used to inform the 
assessment. The study findings were grouped into four main populations: children, pregnant 
women, general adult population, and occupational workers.  

WHO (draft 2022) 
withdrawn 

Comprehensively reviewed epidemiological studies that evaluated PFOS and PFOA exposure that 
were reported by ATSDR, EFSA, FSANZ and USEPA. 
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Table 2: Summary of epidemiological evaluation on cholesterol effects 

Study Summary 

ANU (2018) Systematic 
Literature Review 

Regarding blood cholesterol, ANU (2018) concluded the following: 
 Sufficient evidence was found of an association between PFOS and PFOA and 

elevated blood cholesterol. However, the consequent increase in blood cholesterol 
from PFAS exposure is likely to be low.  

 An association between PFAS exposure and serum HDL measurements is not 
supported, however, the results are inconsistent particularly for PFOA and PFOS 

 An association between PFAS exposure and serum LDL measurements is not 
supported, however, the results are inconsistent particularly for PFOA, PFOS, 
PFHxS and PFNA 

ANU (2021) The following conclusions were presented regarding cholesterol effects: 
 There is clear evidence of elevated blood serum concentrations of PFAS in 

residents and workers in the three PFAS-affected communities, and increased 
psychological distress in the communities 

 There is sufficient evidence of an association between PFOS and PFOA and 
elevated blood cholesterol in participants from Williamtown. However, it is important 
to note that differences were small and unlikely to be relevant to health. 

 Participants in the blood serum study were self-selected and therefore blood 
concentrations may not be representative of everyone who lived or worked in the 
PFAS Management Areas. 

Associations were observed between blood serum concentrations of PFAS and elevated total 
cholesterol in blood serum and self-reported history of hypercholesterolaemia (high 
cholesterol), and between living in a PFAS Management Area and increased deaths due to 
heart disease.  

ATSDR (2021) The available epidemiology data identified an association between increases in total 
cholesterol and exposure to PFOA, PFOS, PFNA and PFDA. An association was not 
identified for PFHxS. However, ATSDR (2021) was unable to establish a dose-response 
relationship for increases in total cholesterol and LDL using epidemiology data to derive 
Maximum Risk Levels (MRLs) due to: 

 likely co-exposure to multiple PFAS 
 inability to accurately identify the environmental exposure concentration 
 majority of studies have a cross-sectional design. 

EFSA (2020) EFSA (2020) concluded that: 
 epidemiological studies provide clear evidence for an association between exposure 

to PFOS, PFOA and PFNA, and increased serum levels of cholesterol. However, 
there is uncertainty regarding causality because of potential confounding by 
physiological determinants of PFAS serum concentrations and cholesterol via 
enterohepatic cycling of bile acids.  

FSANZ (2017) Concluded that while there is evidence of an association between PFAS exposure and 
increased serum cholesterol, it is not possible to determine whether PFOS or PFOA caused 
the changes, or whether other factors are involved. FSANZ (2017) considered that the 
meaning and clinical significance of the associations for PFOS and PFOA for increased 
cholesterol in humans are uncertain and should be interpreted with caution.  

USEPA (2024a) PFOA USEPA (2024a) concluded the following for the four main population groups assessed:
 Children: the association between PFOA and serum lipids in children remains 

inconclusive.  
 Pregnant women: the available evidence supports a positive association between PFOA 

and HDL (but not total cholesterol, LDL or triglycerides) in pregnancy.  
 General adult population: a relatively consistent, positive association was observed 

between PFOA and LDL and total cholesterol (but not triglycerides or HDL) in the 
general adult population. 

 Occupational studies: the available evidence suggests no association between PFOA 
and total cholesterol or LDL for occupationally exposed workers. 
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Study Summary 

USEPA (2024b) PFOS USEPA (2024b) concluded the following for the four main population groups assessed:
 Children: the available evidence supports positive associations between PFOS and total 

cholesterol and LDL in children.  
 Pregnant women: the available evidence supports a positive association between PFOS

and total cholesterol (but not LDL, HDL or triglycerides) in pregnancy.  
 General adult population: the available evidence supports positive associations between 

PFOS and total cholesterol and LDL (but not reduced HDL and elevated triglycerides), 
although some inconsistency exists. 

 Occupational studies: there was not a consistent positive association between PFOS 
and elevated LDL, and the evidence is too limited to determine an association between 
PFOS and total cholesterol and triglycerides in workers (available studies were limited to 
3 low confidence studies).   

WHO (draft 2022) 
withdrawn 

Following a review of the available evidence including data relevant for cholesterol, WHO 
(draft 2022) concluded: 

 the uncertainties in identifying the key endpoints applicable to human health 
following exposure to PFOS and/or PFOA are too significant to derive a health-
based guideline value with confidence 

 there are also areas of uncertainty around the suitability of animal studies for 
assessing the effects to human health for PFOS and PFOA. 

Therefore, WHO proposed a provisional drinking-water guideline for PFOS and PFOA based 
on the laboratory limit of reporting that can be achieved in less developed areas. Following 
criticism for this review and conclusion, the provisional drinking-water guideline was 
withdrawn.  

4.3 Endocrine effects 

The endocrine system is the messenger and signalling system of the body for essentially all 
physiological functions including digestive/metabolic, reproduction, kidney function (water balance), 
circulatory system, growth (tissues, bones) and behaviour. Endocrine glands comprise a group of 

organs, carrying messages between cells and organs.  

Key structures in the endocrine system include the hypothalamus, pituitary gland, thyroid gland, 
parathyroid gland, adrenal glands, gonads and the pancreas. The endocrine system regulates our 
heart rate, metabolism, appetite, mood, sexual function, reproduction, growth, development and 
sleep cycle. Therefore, toxicity effects on endocrine function could be reflected in multiple systems 
in the body.  

The thyroid gland is the most commonly affected and studied endocrine structure in toxicity studies. 
The thyroid stimulating hormone (TSH) is released from the pituitary gland in the brain to stimulate 
the production of T3 (triiodothyronine) and T4 (thyroxine) that are responsible for overall metabolism 
and growth.  

Hormone signals from the endocrine system can influence the immune system with different effects 
based on sex and environmental exposures. Disfunction of the endocrine system can result from 
immune-related adverse health effects, resulting in hormone deficiencies.  

Epidemiological studies have examined a variety of endocrine targets including the thyroid gland, 
reproductive hormones and insulin levels.  
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A summary of the epidemiological studies that evaluate the effects on endocrine effects from PFAS 
exposure is provided in Table 3. A summary of epidemiological evaluation provided by Australian 
and international regulatory agencies on endocrine effects is provided in Table 4.  

Table 3: Summary of epidemiological studies evaluating endocrine effects 

Reference Summary 

ANU (2018) PFAS Health 
Study Systematic 
Literature Review 

The Australian National University performed a systematic literature review of the human 
health effects from exposure to PFAS to describe currently known health effects of PFAS 
and examine the consistency of evidence regarding the relationship between PFAS
exposure and different health outcomes. The review evaluated data from 221 papers. 
 
Of interest for this report, the literature review evaluated elevated reproductive hormone 
levels (testosterone, oestradiol, luteinizing hormone, follicle-stimulating hormone, sex 
hormone-binding globulin) and thyroid outcomes (TSH, T3, T4, thyroid disease and 
thyroglobulin levels).  

ANU (2021a) PFAS 
Health Study 

A PFAS Health Study was conducted by the Department of Applied Epidemiology at the 
Australian National University to examine exposure and potential health effects of PFAS in 
the towns of Oakey (Queensland), Williamtown (NSW) and Katherine (Northern Territory) 
where historical use of aqueous film forming foams were used on Australian Defence Force 
bases. The study was conducted between 2016 and 2021.  
Results from 2,587 people living or working in Katherine, Oakey and Williamtown were 
compared to 702 people living in three comparison communities without known 
environmental contamination. Information relating to endocrine toxicity were obtained for 
the study including reproductive hormones levels and self-reporting health outcomes 
relating to thyroid disease, diabetes, problems with fertility, early onset menopause and 
high cholesterol levels.  

ATSDR (2021) Identified the following epidemiology studies evaluating thyroid outcomes (predominately 
TSH, T3, T4, thyroglobulin) in humans: 

 PFOA: 5 occupational studies, 5 community studies, 21 general population studies
 PFOS: 2 occupational studies, 2 community studies, 22 general population studies
 PFHxS: 16 general population studies 
 PFNA: 1 occupational study, 1 community study, 15 general population studies
 PFDA: 10 general population studies 
 PFUnA: 10 general population studies 
 other PFAS: 5 general population studies.  

 
Identified the following epidemiology studies evaluating reproductive hormone levels in 
humans: 

 PFOA: 3 occupational studies, 1 community Study, 7 general population studies
 PFOS: 1 occupational study, 1 community study, 6 general population studies
 PFHxS: 3 general population studies 
 PFNA: 4 general population studies 
 PFDA: 3 general population studies 
 PFUnA: 2 general population studies 
 other PFAS: 4 general population studies.  

EFSA (2020) For PFOS and PFOA, EFSA (2020) reviewed 6 studies on associations with thyroid disease 
and 20 studies on association with thyroid hormones. These studies were performed in 
children and adults, and the majority were cross-sectional. A further 19 studies on 
associations with thyroid disease and thyroid hormones were reviewed for other PFAS. 
Eight studies were review for vaccine response.  

USEPA (2024a) PFOA Evaluated 86 studies that investigated the association between PFOA and serum lipid 
effects. Of these studies, 48 were classified as low confidence in one or more metric, and 9 
studies were considered to be uninformative. Data from the remaining studies were used to 
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Reference Summary 

inform the assessment. The study findings were grouped into four main populations: 
children, pregnant women, general adult population, and occupational workers. 
 
Evaluated 41 studies that investigated the association between PFOA and 
immunosuppressive effects. Of these studies, 12 were classified as low confidence in one 
or more metric, and 2 studies were considered to be uninformative. Data from the 
remaining studies were used to inform the assessment.  

USEPA (2024b) PFOS Evaluated 81 studies that investigated the association between PFOA and serum lipid 
effects. Of these studies, 33 were classified as low confidence in one or more metric, and 8 
studies were considered to be uninformative. Data from the remaining studies were used to 
inform the assessment. The study findings were grouped into four main populations: 
children, pregnant women, general adult population, and occupational workers. 
 
Evaluated 47 studies that investigated the association between PFOA and 
immunosuppressive effects. Of these studies, 15 were classified as low confidence in one 
or more metric, and 1 study was were considered to be uninformative. Data from the 
remaining studies were used to inform the assessment. 

WHO (draft 2022) 
withdrawn 

Comprehensively reviewed epidemiological studies that evaluated PFOS and PFOA 
exposure that were reported by ATSDR, EFSA, FSANZ and USEPA. 

Table 4: Summary of epidemiological evaluation  endocrine effects 

Reference Summary 
ANU (2018) PFAS Health 
Study Systematic 
Literature Review 

Regarding reproductive hormone levels, ANU (2018) concluded the following: 
 existing data do not support an association between elevated PFAS 

concentrations and changes in testosterone 
 there is inconsistent evidence for the association between PFAS and oestradiol in 

males and females 
 there is inconsistent evidence for a positive association between PFOA and 

luteinizing hormones in males and females  
 there is inadequate evidence for a positive association between PFAS and the 

follicle-stimulating hormone and the sex hormone-binding globulin. 
Overall, there is inconsistent evidence to support an association between elevated PFOS 
levels and decreased levels of reproductive hormones in men and women of all ages. 
There is not a large body of evidence to suggest that PFAS have a significant effect on 
reproductive hormone levels in men and women of all ages.  
 
Regarding the thyroid gland, ANU (2018) concluded the following:  

 all studies were found to have a moderate or high risk of bias 
 there is inadequate evidence to support an association between PFAS and TSH 

levels in infants, children, pregnant women and adults 
 there is insufficient evidence to conclude a potential relationship between PFAS 

and T3 and T4 in infants, children and adults (including pregnant women)
 there is insufficient evidence to support an association between PFAS exposure 

and hypothyroxinemia, congenital hypothyroidism, and thyroid disease 
ANU (2021b); (ANU 
2021a) PFAS Health 
Study 

The following conclusions were presented regarding self-reported endocrine outcomes:
 PFAS serum concentrations were not clearly associated with the self-reported lifetime 

history of type II diabetes 
 evidence for associations between PFAS exposure and type II diabetes have been 

inconclusive  
 PFAS serum concentrations were not clearly associated with self-reported problems 

with fertility or early onset menopause 
A key limitation of the study was identified as the use of self-reported health measures. 
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Reference Summary 
ATSDR (2021)  Although some associations between serum PFOA, PFOS, PFHxS, PFNA, PFDA and 

PFUnA and TSH, T3, and (T4) levels or thyroid disease have been found, the results are 
not consistent across studies and a larger number of studies have not found associations.  

EFSA (2020) EFSA (2020) concluded that: 
 the epidemiological studies reviewed show no associations between PFAS and 

fertility and reproductive outcomes in males and females 
 there is insufficient evidence for associations between PFAS exposure and 

changes in thyroid function and disease, growth in infancy or childhood, and 
diabetes. 

FSANZ (2017) Some studies have suggested a positive association between serum PFOA and elevated 
thyroxine levels, but others have found no association. Results of three large studies
support an association between PFOA exposure and risk of thyroid disease in women or 
children, but not in men. Associations between PFOA and TSH have been reported in 
pregnant women with anti-thyroid peroxidase antibodies. However, no association has 
been found between PFOA and TSH in people without diagnosed thyroid disease.

USEPA (2024a) PFOA There was slight evidence to suggest human endocrine toxicity, including associations 
between PFOA exposure and changes in serum T4 in children, however, there was 
considerable uncertainty in the results due to inconsistencies across sexes and age groups 
and a limited number of studies. 

USEPA (2024b) PFOS The available evidence supports the relationship between PFOS exposure and TSH in 
children and, to a lesser extent, adults. However, evidence supporting adverse endocrine 
effects is inconsistent among epidemiology studies. USEPA (2024b) concluded that the 
currently available studies indicate the potential for endocrine system effects following 

associations.  
WHO (draft 2022) Following a review of the available evidence including data relevant for endocrine effects, 

WHO (draft 2022) concluded: 
 the uncertainties in identifying the key endpoints applicable to human health 

following exposure to PFOS and/or PFOA are too significant to derive a health-
based guideline value with confidence 

 there are also areas of uncertainty around the suitability of animal studies for 
assessing the effects to human health for PFOS and PFOA. 

Therefore, WHO proposed a provisional drinking-water guideline for PFOS and PFOA 
based on the laboratory limit of reporting that can be achieved in less developed areas. 
Following criticism for this review and conclusion, the provisional drinking-water guideline 
was withdrawn.  

4.4 Oncology effects 

IARC (2025) acknowledges that there is no guideline/standard to answer the question of how many 
studies of cancer in humans are needed from which to draw inferences about causality, although 
more than a single study in a single population will almost always be needed. The number of studies 
required will depend on: 

 quality of individual epidemiology study 
 strength of the evidence that exposure to the chemical can cause an adverse health effect 

(causal relationship) 
 the possibility that bias, confounding, or misclassification of exposure or outcome could not 

explain the observed results.  
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A summary of the epidemiological studies that evaluate the effects on oncology effects from PFAS 
exposure is provided in Table 5. A summary of epidemiological evaluation provided by Australian 
and international regulatory agencies on oncology effects is provided in Table 6.  

Table 5: Summary of IARC (2025) epidemiological studies evaluating oncology effects 

Study type Summary 

Cohort studies in 
occupational 
settings 

 USA workers at 3M facilities in Cottage Grove (Lundin et al 2009, Raleigh et al 2014), 
Decatur (Alexander et al 2003, Alexander and Olsen 2007) and Parkersburg (Steenland and 
Woskie 2012, Steenland et al 2015) 

 Workers from USA, UK, Italy, Germany and Netherlands at tetrafluoroethylene (TFE)
manufacturing facilities (Consonni et al 2013) 

 Workers in a PFAS manufacturing facility in Trissino Italy (Girardi and Merler 2019) 
Cohort studies in 
highly exposed 
communities 

 USA (Mid-Ohio Valley) with contaminated drinking water (Barry et al 2013 
 Community in Sweden (Ronneby) with contaminated drinking water evaluating the incidence 

of all cancers (Li et al 2022a, Li et al 2022b) 
Cohort study of 
the general 
population 

 National Health and 
years) evaluating incidence of all cancers (serum samples not analysed for isomers of PFOS 
or PFOA) (Wen et al 2022) 

Nested case-
control studies 

 Denmark on a cohort of ~100,000 pregnant women (Ghisari et al 2017) 
 California USA study on female public school teachers (Hurley et al 2018) 
 Approximately 100,000 women born between 1925 and 1950 that are covered by the French 

National Education System insurance (Mancini et al 2020a) 
 Approximately 150,000 adults between 55-74 years from study centres across USA for the 

US-based Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial (Shearer 
et al 2012, Chang et al 2023, Rhee et al 2023a) 

 Cohort of live births within the Child Health and Development Studies (CHDS) pregnancy 
cohort evaluating incidence of breast cancer (Cohn et al 2020) 

 Approximately 215,000 men and women aged 45-75 years from the USA Multiethnic Cohort 
(MEC) evaluating the incidence of liver and kidney cancer (Goodrich et al 2022, Rhee et al 
2023b) 

 US Air Force servicemen evaluating the incidence of testis cancer (Purdue et al 2023) 
 Pregnant women in Finland who delivered between 1987 and 2010 evaluating the incidence 

of thyroid cancer (Madrigal et al 2024) 
 Two nested case-control studies within the ATBC (Finland) and PLCO (USA) study 

evaluating the incidence of pancreas cancer (Zhang et al 2023) 
 Nested within BioMe (New York, USA) evaluating the incidence of thyroid cancer (van 

Gerwen et al 2023) 
Case-cohort 
studies 

 Cohort of 50-65 year men and women from Denmark without cancer at enrolment of the Diet, 
Cancer and Health study (Eriksen et al 2009).  

 Cohort of female retirees of automotive companies in China (Shiyan) evaluating the incidence 
of breast cancer (Fen et al 2022) 

 Cohort within the USA-based CPS-II Lifelink Cohort evaluating the incidence of kidney and 
urinary bladder cancer (Winquist et al 2023) 

Case-control 
studies 

 Community in the USA (Parkersburg) with contaminated drinking water evaluating the 
incidence of kidney and urinary bladder cancer (Vieira et al 2013) 

Table 6: Summary of epidemiological evaluation  oncology effects 

Reference Summary 
ATSDR (2025) Occupational and community exposure studies have found increases in the risk of 

testicular and kidney cancer associated with PFOA.  
For PFOS, one occupational exposure study reported an increase in bladder cancer, but 
this was not supported by subsequent occupational studies.  



19 | P a g e

Reference Summary 
EFSA (2020) EFSA (2020) concluded that epidemiological studies provide insufficient support for 

carcinogenicity of PFOS and PFOA in humans. Limited information was identified for other 
PFAS.  

FSANZ (2017) FSANZ (2017) Epidemiology studies have not provided convincing 
evidence of a correlation between PFOS and PFHxS and any cancer type in humans 
beings. Although associations between PFOA and some human cancers have been 
suggested from some epidemiological studies, results have often been contradictory, and a 
causal relationship cannot be established with reasonable confidence  

IARC (2025) Based on the epidemiological studies reviewed, the 
results of the few available studies were conflicting and that the number of informative 
epidemiological studies was too few to permit an evaluation of the evidence on PFOA and 
PFOS exposure and risk of all cancers combined.  
 
IARC (2025) states that despite the number of available epidemiological studies, data gaps 
and limitations remain such as potential healthy-worker survivor bias in most of the 
occupational studies.  

possibly carcinogenic to humans  (Group 2B) on the basis of 
strong mechanistic evidence for key characteristics of carcinogens, including in exposed
humans.  

carcinogenic to humans  (Group 1) on the basis of sufficient 
evidence in experimental animals and strong mechanistic evidence that PFOA exhibits key 
characteristics of carcinogens in exposed humans.  

USEPA (2024a) PFOA The carcinogenicity of PFOA has been documented in epidemiological studies (considered 
 primarily based on the incidence of kidney and testicular 

cancer, and some evidence of increased breast cancer in susceptible populations. These 
studies were primarily conducted on the general population with some occupational and 
cohort (high-exposure communities) studies.  
 
USEPA (2024a)  because it was determined 
that there is adequate evidence to demonstrate carcinogenic potential to humans based on 
the evidence of kidney and testicular cancer in humans.  

USEPA (2024b) PFOS The available epidemiology studies report elevated risk of liver, bladder, kidney, prostate, 
and breast cancers following chronic PFAS exposure in some studies. Limited evidence for 
some tumour types (such as liver and renal), and mixed results for other tumour types 
(such as bladder and breast) provide plausible but not definitively causal evidence of a 
relationship between PFOS exposure and cancer outcomes.  
 

 because it was determined 
that there is adequate evidence to demonstrate carcinogenic potential to humans. 

WHO (draft 2022) Following a review of the available evidence including data relevant for oncology effects, 
WHO (draft 2022) concluded: 

 the uncertainties in identifying the key endpoints applicable to human health 
following exposure to PFOS and/or PFOA are too significant to derive a health-
based guideline value with confidence 

 there are also areas of uncertainty around the suitability of animal studies for 
assessing the effects to human health for PFOS and PFOA. 

Therefore, WHO proposed a provisional drinking-water guideline for PFOS and PFOA 
based on the laboratory limit of reporting that can be achieved in less developed areas. 
Following criticism for this review and conclusion, the provisional drinking-water guideline 
was withdrawn.  
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24 April 2025 

  

1 Background 
Environmental Risk Sciences Pty Ltd (enRiskS) has been engaged by NSW Health to prepare 
technical advice for consideration by the NSW Health PFAS Technical Advisory Panel. 

This document provides a summary of the information available regarding the carcinogenicity of 
PFAS. This summary has been prepared using the following international reviews: 

 IARC Monograph 110 (2017)  PFOA only1 (replaced by Monograph 135 so not 
summarised) 

 IARC Monograph 135 (IARC 2025)  PFOS and PFOA2 
 EFSA (2020) Risk to human health related to the presence of perfluoroalkyl substances in 

food3 
 USEPA (USEPA 2024a) Human Health Toxicity Assessment for PFOA and related salts4

 USEPA (USEPA 2024b) Human Health Toxicity Assessment for PFOS and related salts5.

2 Key takeaways 
IN relation to carcinogenicity, the following is a summary of the key outcomes of this review:

 IARC (IARC 2025) provides the most recent detailed review of carcinogenicity in relation to 
PFOA and PFOA 

 IARC only assesses cancer hazard, with no consideration of exposure, and IARC does not 
establish quantitative toxicity reference values for assessing carcinogenic effects 

 Neither PFOS or PFOA was identified as genotoxic 
 The rationale adopted for classification for PFOA as a Group 1 carcinogen is based on the 

following: 

 

1 https://publications.iarc.fr/547  
2 https://publications.iarc.fr/636  
3 https://www.efsa.europa.eu/en/efsajournal/pub/6223  
4 https://www.epa.gov/sdwa/human-health-toxicity-assessment-perfluorooctanoic-acid-pfoa  
5 https://www.epa.gov/sdwa/human-health-toxicity-assessment-perfluorooctane-sulfonic-acid-pfos  

Environmental Risk Sciences Pty Ltd 
P.O. Box 2537 
Carlingford Court, NSW 2118 
 
Phone: +61 2 9614 0297 
www.enrisks.com.au  
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o Limited evidence in people  positive association for renal cell carcinoma and cancer 
of the testis 

o Sufficient evidence in experimental animals 
o Strong evidence for key characteristics in people, human primary cells and in animal 

studies.  
 The rationale adopted for classification for PFOS as a Group 2B carcinogen is based on the 

following: 
o Inadequate evidence in people 
o Limited evidence in experimental animals 
o Strong evidence for key characteristics in people, human primary cells and in animal 

studies. 
 For the evaluation of both PFOS and PFOA, the outcome of the key characteristics 

assessment was used as a key decision driver for the classification and hence is a key part 
of the IARC assessment that requires consideration. 

 A review of the approach using the key characteristics has been undertaken specifically in 
relation to PFOS and PFOA (Drury, Prueitt & Beck 2024). This identified a range of issues 
and concludes that predicting cancer hazard based on key characteristics (individually or 
combined) is no better than chance (Becker et al. 2017) 

 The USEPA (USEPA 2024b, 2024a) utilised a number of studies (also evaluated by IARC) 
to derived quantitative toxicity reference values, which were slope factors (noting the USEPA 
adopts a non-threshold approach for all carcinogens regardless of whether the chemical is 
genotoxic  an approach inconsistent with that adopted in Australia). The slope factors 
derived are very high and warrant further evaluation as to their plausibility. 

 The key animal studies relied by IARC and USEPA on for assessing carcinogenic outcomes 
from exposure to PFOA and PFOS have not adequately addressed whether the 
adenomas/carcinomas identified are relevant to humans. This relates to increased incidence 
of hepatocellular carcinomas, pancreatic acinar cell adenomas and adenocarcinomas

 The tumours seen in the experimental animals were almost entirely those associated with 

not been discussed in the IARC monograph or in the USEPA profiles so it has been 
assumed in both that these types of tumours are relevant for people. 

 In relation to the studies in people for PFOA, there are some fundamental issues with the 
appropriateness of the study designs. In Shearer et al. 2021, the controls had essentially the 
same serum PFOA concentrations as the cases so it is unclear how it can be determined 
that kidney cancer rates were increased due to exposure to PFOA. This is supported in both 
Shearer et al. 2021 and Vieira et al. 2013 as the incidence of kidney cancer in the study 
populations were quite similar to the normal rate for kidney cancer in the US population. 
Another aspect providing support is the fact that PFOA serum concentrations have been 
decreasing significantly over the last 20 years but the incidence of kidney cancer is 
continuing to increase.   
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3 Review and summary of carcinogenicity including recent IARC 
Monograph 

3.1 IARC Monograph 135 (2025) 

3.1.1 Background 

The following is noted in the Monograph Preamble: 

A cancer hazard is an agent that is capable of causing cancer, whereas a cancer risk is an 
estimate of the probability that cancer will occur given some level of exposure to a cancer 
hazard. The Monographs assess the strength of evidence that an agent is a cancer hazard. 
The distinction between hazard and risk is fundamental. The Monographs identify cancer 
hazards even when risks appear to be low in some exposure scenarios. This is because the 
exposure may be widespread at low levels, and because exposure levels in many populations 
are not known or documented.  

It is important to be clear that the Monographs evaluate the cancer hazard not cancer risk  i.e. they 
generally do not include consideration of exposure. They also do not provide calculation of threshold 
toxicity reference values or slope factors (for genotoxic carcinogens) for use in quantitative risk 
assessments. 

There are 3 types of studies used by IARC to evaluate cancer hazard: 

 epidemiological studies 
 animal studies 
 mechanistic studies. 

The mechanistic studies fall into 2 categories: 

 
chemicals that have been identified as posing a cancer hazard (Smith, M. T. et al. 2016) 

 studies that actually work out the mechanistic pathways which could lead to cancer. 

The key characteristics are more general descriptions and just because a chemical has one or more 
does not always mean that it definitely poses a cancer hazard. However, the key characteristics 
ensure a broad consideration of the potential for a chemical to pose a cancer hazard, provides 
evidence as to what types of pathways to evaluate further and avoids just focusing on the 
mechanistic pathways that have been studied to date. Some of the key characteristics (e.g. induced 
oxidative stress) can also be caused by non-cancer mechanisms and so, for those characteristics, 
studies must be interpreted carefully while others (e.g. genotoxicity) are very clearly related to 
cancer. 

The classifications for cancer hazard (relevant for PFOA and PFOS) are as follows: 

Group 1 (relevant for PFOA) 

There must be either: 

 Sufficient evidence of carcinogenicity in humans (sufficient evidence means a positive 
association has been observed in the body of evidence in studies in which chance, bias and 
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confounding have been ruled out with reasonable confidence  this is described as a causal 
association) 

OR 

 Strong evidence in exposed people that the chemical exhibits key characteristics of 
carcinogens (strong evidence means that results are available in several systems, that they 
are consistent and the overall mechanistic database is coherent  strong here refers to 
strength of evidence not potency of the chemical to cause relevant effects) 

AND 

 Sufficient evidence of carcinogenicity in experimental animals (sufficient evidence means 
that a causal relationship has been established between exposure and cancer in 2 or more 
species of experimental animals based on increased incidence of malignant neoplasms or 
an appropriate combination of benign and malignant neoplasms  strong studies in a single 
species may also be considered sufficient evidence in certain circumstances) 

Group 2B (relevant for PFOS) 

There must be either: 

 Limited evidence of carcinogenicity in people (limited evidence means a positive association 
has been observed in the body of evidence that is credible but in which chance, bias and 
confounding could not be ruled out with reasonable confidence) 

OR 

 Sufficient evidence of carcinogenicity in experimental animals (definition as above) 

OR 

 Strong evidence that the agent exhibits key characteristics of carcinogens (definition as 
above). 

3.1.2 PFOA 

The original IARC evaluation of PFOA was based on studies on 3 occupational populations, 1 
population whose drinking water was highly contaminated and 3 case control studies in the general 
population. The updated evaluation for PFOA is based on 36 epidemiological studies (same 3 
occupational populations, 2 additional populations living in contaminated areas and many case 
control studies in general population). Regardless, there are still many gaps. 

The fact that people are usually exposed to a mixture of PFAS, not PFOA or PFOS (or one of the 
many others) alone, was identified as a significant challenge to interpreting the information in 
relation to an individual PFAS. Some of the occupational cohorts may have been exposed 
predominantly to a single chemical if they were involved in manufacturing that chemical only (which 
did occur at some facilities), however, everyone is exposed to background levels of a mixture of 
PFAS. 

Since the 2017 assessment, the greatest increase in information for PFOA is in relation to the 
mechanistic evidence. It is this evidence along with the cancer bioassays in experimental animals 
that has resulted in the classification as Group 1 for this chemical rather than the epidemiological 
studies (i.e. evidence in humans was NOT the basis of the decision). 
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It is noted that a specific mechanistic pathway has not been identified relating exposure to PFOA to 
cancer in people (i.e. biochemical steps in the body have not been identified). It is also noted that 
empirical data linking PFOA specific effects related to the key characteristics (epigenetic changes or 
immune suppression) to increased cancer risk in people were not available. 

PFOA does not refer to a single molecular structure. Figure 1 shows the various molecules which 
can be referred to as PFOA. In addition to these structures, the ammonium, sodium and potassium 
salts of these structures are also included in the group. 

 

Figure 1: Full list of relevant structures that relate to PFOA 

Most of the epidemiological studies had the following limitations: 

 Studies were on 5,000 to 10,000 people looking for effects that have the following normal
incidence rates in the Australian population. It is only if the study population has higher 
incidence rates for these cancers than those listed below that an effect from exposure to the 
chemical could be relevant: 

o Kidney cancer (age standardised rate in Australia6)  18 cases per 100,000 people
(i.e. normally expected cases, therefore, 1-2 cases in this population size) 

o Bladder cancer (age standardised rate in Australia)  12 cases per 100,000 people 
(i.e. normally expected cases in the study populations are, therefore, 0.6-1.2 cases in 
the study population) 

 

6 https://www.aihw.gov.au/reports/cancer/cancer-data-in-australia/contents/cancer-prevalence  
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o Liver cancer (age standardised rate in Australia)  10 cases per 100,000 people (i.e. 
normally expected cases in the study populations are, therefore, 0.5-1 cases in the 
study population) 

o Prostate cancer (age standardised rate in Australia)  97 cases per 100,000 people 
(i.e. normally expected cases in the study populations are, therefore, 5-10 cases in 
the study population) 

o Breast cancer (age standardised rate in Australia)  72 cases per 100,000 people 
(i.e. normally expected cases in the study populations are, therefore, 4-8 cases in the 
study population) 

 Most studies did not measure exposure well. Most estimated exposure type 
(high/medium/low) based on work type/job classifications rather than actual measured 
levels. Sometimes the job classifications did take into account air concentrations of the 
chemical of interest at manufacturing facilities or serum concentrations for surrogate 
individuals which were then linked to an exposure type. 

 Many studies did not control the analysis appropriately for confounding activities like drinking 
or smoking 

 Most studies were on men only (the nature of the occupational cohorts) 
 Most studies did not control well for exposures to other PFAS (or even other chemicals) 

whether at work or outside of work (background) 
 Where studies did report serum concentrations, often they were only measured on a single 

occasion (or at times which may not reflect exposure during important times for cancer 
development) 

 Potential for selection bias was identified for some cohorts where follow-up rates were lower 
than preferred. 

Many of these limitations are common for occupational/epidemiological studies generally regardless 
of the chemical of interest in a study. 

For studies in people for both PFOS and PFOA, IARC found: 

 Most studies only looked at a subset of cancer types (usually <10 studies for any individual 
cancer type) 

 Exposure assessment methodology in most studies was problematic at times. The highest 
quality studies took blood samples at the start of the study (i.e. prior to any cancer 
diagnosis). The representativeness of these one-time samples has been a concern. The 
IARC group determined that this was likely to pose a minimal issue for the studies, given the 
long half life of PFOA or PFOS in blood plus the high correlation found in 1 study where 
serum concentrations were determined on a number of occasions in the same people.

 Co-exposure to other PFAS was another major issue. Where possible the IARC group 
determined that exposure to PFOS or PFOA was predominant in the studies used  i.e. 
focused on occupational studies in manufacturing facilities that manufactured a particular 
PFAS only or predominantly. 

 Adjustment for confounders was undertaken in some of the high quality studies or was 
considered to not be critical by IARC group. 

 Occupational cohort studies predominantly found no effects from exposure to PFOS or 
PFOA, but IARC noted the groups were small and there were issues with the exposure 
assessment, in particular, that could bias to no or small levels of effect. 
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For studies in people for PFOA in particular, IARC found: 

 Strongest evidence for cancer from exposure to PFOA was for kidney and testis. 
 For kidney cancer 

o Occupational studies showed no increase in incidence  subject to small size and 
other limitations 

o Case control studies in areas impacted by PFOA use/manufacture did show some 
impacts on this end point 

 Mid-Ohio Valley case control showed increase (mix of workers and residents) 
specifically for renal cell carcinoma 

 Some indications of an association for some of the other groups but 
estimated exposures for these groups were smaller than Mid Ohio Valley 
population 

o 2 other studies in general population groupings showed equivocal evidence some 
association in white people but not overall or for any of the other ethnicity groupings 
individually 

o Overall, the finding was: 
 a positive association between PFOA and renal cell carcinoma is credible, but 

positive findings have not been consistently observed among the most 
informative studies, and chance, bias, and confounding by other PFAS in 
some of the studies could not be ruled out with reasonable confidence. For 
other subtypes of kidney cancer, no conclusions could be drawn about an 
association with PFOA.  

 For testis cancer 
o There were 3 studies that were relevant for this endpoint 
o 2 showed an indication of increased risk with increasing PFOA serum concentrations 

in residents exposed to high concentrations (i.e. not at background levels) 
o 1 showed no relationship  this population was exposed at background levels.
o Overall finding was again that a relationship was credible but chance and/or bias 

could not be ruled out. 
 For breast cancer 

o Most studies showed no relationship for this endpoint 
o There were significant limitations in many of the studies including whether breast 

cancer was studied in pre or post menopausal women and what type of breast 
cancer was the focus 

o Statistical power was low in the studies and analysis was not stratified by hormone 
levels and/or type of breast cancer or pre/post menopause determination 

o Most studies where breast cancer was assessed were populations with background 
exposure only to PFOA 

o The various limitations mean that the evidence was not considered consistent with an 
association. 

 For other cancer types 
o Little consistent evidence for any other cancer types. 
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Limited evidence of carcinogenicity in 
people  This explains why the classification as a Group 1 
carcinogen was NOT based on studies in people. 

IARC found that studies in experimental animals showed: 

 While there were many studies described in Section 3 of the monograph, only a limited 
number of studies of PFOA effects in experimental animals were considered in the summary 
section (i.e. Section 5 of the monograph)  presumed to be based on quality considerations 
but not clearly explained in the text 

 The summary section noted that there were 2 well conducted studies (under GLP) in 
Sprague-Dawley rats (males and females)  both applied the PFOA in feed 

 The citations for these 2 studies are not identified in the summary section. Based on the 
discussion in the summary section, it is assumed that the 2 studies considered well-
conducted are NTP 2020 and Butenhoff et al. 2012 (Butenhoff et al. 2012b; NTP 2023)

 Butenhoff study was undertaken in the early 1980s (Caverly Rae et al. 2014). 
 Butenhoff study found: 

o Males  Leydig cell adenoma 
o Females  Fibroadenoma of mammary gland 

 Peer review of the pathology of the pancreatic and mammary gland lesions was conducted 
by a panel resulting in small changes in incidence 

 NTP study showed: 
o Males  hepatocellular adenoma or carcinoma, pancreatic acinar cell adenoma or 

carcinoma 
o Females  pancreatic acinar cell adenoma/adenocarcinoma 

 There was also a non GLP study in the same species/strain which showed increases in 
hepatocellular adenoma, Leydig cell tumours and pancreatic acinar cell adenomas 

 It is noted that adenomas are benign 
 There was 1 study in mice identified (CD-1 strain; females only) which showed a positive 

trend in the incidence of liver haemangiosarcoma in females (PFOA applied by gavage)
 In some other feeding studies in rats and rainbow trout, promotion of hepatocarcinogenesis 

was observed. 

sufficient evidence in experimental 
animals two studies in one species which may have been conducted independently. 
Many of the findings are in relation to increases in benign tumours rather than malignant ones. 

people. It is understood there is a known relationship for chemicals that interact with PPAR and 
some forms of cancer in rats. It is also understood that this is NOT a relevant consideration for 
cancer in people. See discussion in Section 3.3.2. The tumours identified in these experimental 

 

For mechanistic studies for PFOA, IARC found: 

 Absorption, distribution, metabolism, excretion 
o PFOA is highly bioavailable via ingestion, some absorption via dermal/inhalation has 

been seen 
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o It is unlikely to diffuse across cell membranes but membrane transporters govern 
movement 

o Binds to specific proteins  albumin, liver-type fatty acid binding protein 
o No evidence of metabolism 
o Removed by excretion  biliary and urinary (plus additional pathways for women 

including during pregnancy and lactation) 
o Enterohepatic recirculation occurs. 

 Key characteristics of carcinogens 
o Epigenetic alterations (DNA methylation)  consistent and coherent evidence in 

people 
o Immunosuppressive  consistent and coherent evidence (except that at least part of 

this evidence is the decreased vaccine response in children in the Faroe Islands 
studies which have many issues including exposure to many different 
immunosuppressive chemicals and not a wide variation in PFOA serum 
concentrations)  evidence in human studies is supported by evidence in in vitro
studies in human cell lines and in animal studies 

o Oxidative stress  evidence comes from in vitro studies in human cell lines and in 
animal studies and shows increased reactive oxygen species, altered antioxidant 
function, increases in markers of lipid peroxidation or oxidatively damaged DNA in 
rodent studies 

o Receptor-
glucocorticoid receptors). In people evidence was suggestive of association of PFOA 
exposure impacting on thyroid, androgen or progesterone pathways. Other data 

CAR/PXR, PPAR  in in vitro studies. Suggestive evidence for PFOA altering serum 
estradiol and testosterone in rats. Paucity of other information 

o Altered cell proliferation, cell death or nutrient supply. All data are from in vitro
studies 

o Genotoxicity  a single study in people reported increased levels of DNA strand 
breaks but other studies do not show this effect in people or rodents so classified as 
suggestive evidence 

o Chronic inflammation  suggestive evidence in in vitro studies and in rodent studies 
(small increases) generally results were mixed 

o Paucity of data for other key characteristics. 

These results provide evidence. The issue is whether all of the key characteristics should have 
equal weight in regard to highlighting potential for cancer. Further discussion of the issues related to 
using the key characteristics as the primary or sole supporting evidence for carcinogenicity is 
provided in Section 4. 

The rationale adopted for classification for PFOA as a Group 1 carcinogen is based on the following:

 Limited evidence in people  positive association for renal cell carcinoma and cancer of the 
testis 

 Sufficient evidence in experimental animals 
 Strong evidence for key characteristics in people, human primary cells and in animal studies. 
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The key driver to consider then is the contribution made by the key characteristics data to the 
classification  see discussion in Section 4. 

3.1.3 PFOS 

PFOS does not just refer to one specific molecular structure. Figure 2 shows the various molecules 
which can be referred to as PFOS. In addition to these structures, the ammonium, lithium and 
potassium salts of these structures are also included in the group. 

 

Figure 2: Full list of relevant structures that relate to PFOS 

For studies in people, IARC found the following in their summary for PFOS: 

 Evidence for cancer from exposure to PFOS was sparse and inconsistent but suggestive of 
an association for testis, thyroid and breast cancer 

 For testis cancer 
o Only relevant studies available were those for US air force members and for a 

Swedish population exposed to a contaminated drinking water source 
o Air force study found a positive association but it was imprecise  study did try to 

control for exposure to PFOA and other PFAS 
o Swedish study reported a positive association but noted there was co-exposure to 

PFHxS. 
 For thyroid cancer 

o Some evidence for positive associations was seen in some of the less 
reliable/smaller studies 

o In a well conducted study in Finland, however, no association was identified after 
adjusting for exposure to other PFAS 

o There was also evidence for a negative association (i.e. exposure to PFOS is 
protective) in some studies from China but these were also deemed to be less 
reliable/smaller studies. 

 For breast cancer 
o Most studies showed no relationship for this endpoint 
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o 2 studies looked at hormone receptor positive breast cancer sub types and found an 
imprecise but increased risk 

o Other studies showed no relationship for postmenopausal women but these studies 
did not stratify tumour types etc, however, most postmenopausal breast cancers are 
hormone receptor positive so the lack of stratification may not have been important 

o Overall finding by IARC group was inconclusive. 
 Overall IARC group found evidence was inconclusive for all cancer types. 

These findings mean PFOS cannot be classified into Group 1, 2A or 2B based on this assessment 
for studies in people. 

For animal studies, IARC found: 

 There were few studies in experimental animals for PFOS  one full 2-year study in rats 
(Butenhoff et al. 2012b); one full study in mice (11 weeks) and 2 initiation/promotion tests in 
fish (rainbow trout and zebrafish) 

 Studies in rats showed increasing trends in tumours (benign and malignant) for those 
 

 Studies in fish showed promotion of hepatocarcinogenesis in rainbow trout. 

These results appear to provide limited evidence rather than sufficient evidence. A classification in 
Group 2B requires sufficient evidence in relation to animal studies if they are the relevant driver of 
classification. 

some forms of cancer in rats. It is also understood that this is NOT a relevant consideration for 
cancer in people. See discussion in Section 3.3.2. The tumours identified in these experimental 

 

For mechanistic studies for PFOS, IARC found: 

 Absorption, distribution, metabolism, excretion 
o PFOS is highly bioavailable via ingestion, some absorption via dermal/inhalation has 

been seen 
o It is unlikely to diffuse across cell membranes but membrane transporters govern 

movement 
o Binds to specific proteins  albumin, liver-type fatty acid binding protein 
o No evidence of metabolism 
o Removed by excretion  biliary and urinary (plus additional pathways for women 

including during pregnancy and lactation) 
o Enterohepatic recirculation occurs. 

 Key characteristics of carcinogens 
o Epigenetic alterations (DNA methylation)  consistent and coherent evidence in 

people 
o Immunosuppressive  consistent and coherent evidence (except that at least part of 

this evidence is the decreased vaccine response in children in the Faroe Islands 
studies which have many issues including exposure to many different 
immunosuppressive chemicals and not a wide variation in PFOS serum 
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concentrations)  evidence in human studies is supported by evidence in in vitro 
studies in human cell lines and in animal studies 

o Oxidative stress  suggestive evidence in people  some studies showed association 
between PFOS and oxidative stress markers in serum or urine. Consistent/coherent 
evidence in in vitro studies in human cell lines and in animal studies. Animal studies 
showed increased reactive oxygen species, altered antioxidant function, increases in 
markers of lipid peroxidation. Markers of oxidative stress were reduced in some 
studies with co-treatment with antioxidants 

o Receptor-
glucocorticoid receptors). In people evidence was suggestive of association of PFOS
exposure impacting on thyroid, androgen, estrogen, glucocorticoid or progesterone 
pathways. Other data sparse/absent for people. Consistent/coherent evidence for 

 in in vitro studies. Consistent/coherent 
evidence from animal studies. Paucity of other information for other pathways 

o Altered cell proliferation, cell death or nutrient supply. Evidence in people was 
suggestive but this was based on human cell lines testing in high throughput 
metabolomic studies. Evidence from other in vitro studies was also suggestive. 
Consistent/coherent evidence from experimental animal studies 

o Genotoxicity  evidence was mixed in all types of studies 
o Chronic inflammation  suggestive evidence in in vitro studies and in rodent studies 

(small increases), generally results were mixed. No relevant data from studies in 
people. Studies in human cell lines showed decreased production of pro-
inflammatory markers with exposure to PFOS (i.e. reduced inflammation?) 

o Paucity of data for other key characteristics. 

These results provide evidence. The issue is whether all of the key characteristics should have 
equal weight in regard to highlighting potential for cancer. Further discussion of the issues related to 
using the key characteristics as the primary or sole supporting evidence for carcinogenicity is 
provided in Section 4. 

The rationale adopted for classification for PFOS as a Group 2B carcinogen is based on the 
following: 

 Inadequate evidence in people 
 Limited evidence in experimental animals 
 Strong evidence for key characteristics in people, human primary cells and in animal studies. 

The key driver to consider then is the contribution made by the key characteristics data to the 
classification  see discussion in Section 4. 

3.2 EFSA (2020) 

EFSA published their report  Risk to human health related to the presence of perfluoroalkyl 
substances in food  (EFSA Panel on Contaminants in the Food Chain et al. 2020). This was 
the final version of their updated assessment with initial drafts for consultation published in 2018 
and earlier in 2020. Their previous assessment was undertaken in 2008 (EFSA 2008). 
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In regard to cancer, this assessment found that there was insufficient evidence for carcinogenicity of 
PFOS or PFOA in people. No further consideration of cancer endpoints was included in this 
assessment.  

This report published an updated tolerable weekly intake of 4.4 ng/kg bw /week for the sum of 
PFOS, PFOA, PFNA and PFHxS. This was based on effects in the immune system. This is 
compared to recommendations from 2008 of a tolerable daily intake for PFOS of 150 ng/kg bw/day 
(based on the lowest NOAEL from a study in monkeys) and for PFOA of 1,500 ng/kg bw/day (based 
on changes in liver weight in rats and mice). 

3.3 USEPA (2024 a&b) 

3.3.1 Background 

The USEPA published their most recent versions of their toxicity profiles for PFOA and PFOS in 
2024. Previous versions of these profiles were published in 2022 (draft) and 2023 (final). They also 
published infographics to summarise these findings in January 2025. These infographics focus 
primarily on non-cancer endpoints which seems unusual, given that the drinking water guidelines 
were based on classification of these chemicals in regard to cancer. 

Slope factors have been determined by USEPA for PFOS and PFOA and these are: 

 PFOS  39.5 per mg/kg bw/day 
 PFOA  29,300 per mg/kg bw/day (0.0293 per ng/kg bw/day). 

It is noted that USEPA slope factors (oral) for a range of other chemicals more readily recognised 
for their potential to cause cancer include: 

 Benzene  0.015 per mg/kg bw/day 
 Arsenic  32 per mg/kg bw/day 
 Vinyl chloride  0.72-1.4 per mg/kg bw/day 
 Benzo[a]pyrene  1 per mg/kg bw/day 
 Carbon tetrachloride  0.07 per mg/kg bw/day 
 Chlordane  0.35 per mg/kg bw/day 
 Azobenzene  0.11 per mg/kg bw/day 
 Benzidine  230 per mg/kg bw/day 
 Chromium VI  0.27 per mg/kg bw/day. 

While the USEPA/US authorities calculate slope factors in ways that may not be considered 
appropriate by Australian authorities, comparing the USEPA slope factors for PFOS and PFOA to 
those for this range of chemicals (for which there is much greater confidence in their likelihood to 
cause cancer) highlights the ongoing issues with how the data for PFOS and PFOA are being used 
in the US. 
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3.3.2 Dose modelling issues 

The issue of potentially excessively stringent guidelines determined in the USEPA profiles is 
relevant for both reference doses (i.e. non cancer) and slope factors (i.e. cancer). It appears to be 
related to the toxicokinetic modelling of dose for these chemicals. 

There are 2 aspects that may be impacting: 

 Assumption that serum concentrations in experimental animals related to effects/no effects 
are the relevant serum concentrations in people (i.e. normal approach) vs use of serum 
concentrations in epidemiological studies that may be related to different effects than those 
in the animal studies or from studies that did not show an effect that is considered adverse

 PBPK modelling to determine external dose from serum concentrations. 

The impact of the PBPK modelling is demonstrated as follows: 

 PFOS shows no/low effects at doses of 0.5-1 mg/kg bw/day in experimental animals
 This dose range is similar to some more familiar chemicals (from USEPA IRIS) 

o Benzene  BMDL 1.2 mg/kg bw/day 
o Carbon tetrachloride  BMDL 3.9 mg/kg bw/day 
o Dicamba  NOEL 3 mg/kg bw/day 
o 2,4-dichlorophenol  NOEL 0.3 mg/kg bw/day 

 USEPA calculations of reference dose for PFOS based on experimental animal data only 
give an RfD of 0.000007 to 0.0001 mg/kg bw/day 

 But the USEPA calculations of reference dose for the other chemicals gives: 
o Benzene  0.004 mg/kg bw/day 
o Carbon tetrachloride  0.004 mg/kg bw/day 
o Dicamba  0.03 mg/kg bw/day 
o 2,4-dichlorophenol  0.003 mg/kg bw/day  

It appears there may be an issue with the PBPK modelling to determine a human equivalent dose 
because of the much lower RfD values for the same/similar value for the point of departure. It may 
be possible that this modelling is correct as there are significant differences in the toxicokinetics of 
PFOS etc in different organisms, but it does seem a larger than usual uncertainty extrapolation.

In addition, however, the issue of which serum concentrations are appropriate is the other part of 
this conundrum. 

The experimental animals show impacts on development and on the immune, cardiovascular and 
hepatic systems are relevant for PFOS and PFOA. The epidemiological studies have then been 
reviewed in detail by the USEPA to look for these types of effects in the studies in people. 

The issue is that the epidemiological studies do not show the same effects in people as seen in the 
experimental animals (i.e. types of effects normally used in toxicology) nor do they show consistent 
effects across studies but some of them have potentially shown effects in each of these categories. 
The serum concentrations from the epidemiological studies have then been used to calculate the 
reference doses leading to RfDs 10-100 fold lower than the values derived from data arising from 
the animal studies. It is noted that the original draft of this work from 2022 determined RfDs that 
were up to 1,000 fold lower than the values from the animal studies. These differences are most 
likely to be due to the choice of endpoint and whether the endpoints were actually adverse effects. 
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For example, the immune system effects in the epidemiological studies were based on changes in 
antibody production after receiving a vaccine in children from the Faroe Islands. The changes 
observed in these studies were not enough to be clinically relevant in relation to the vaccination (i.e. 
they were still protected from the disease) and these children were exposed to a wide range of 
PFAS as well as PCBs, mercury and dioxin-like compounds  all of which may impact on the 
immune system. The serum concentrations of PFOS or PFOA did not actually vary much across the 
study population. Determining whether small changes in antibody production are actually real 
changes due to chemical exposure rather than normal variability and assigning such small changes
to only 1 of the many chemicals found in the blood of these children is extremely problematic.

3.3.3 Slope factor calculations  PFOA  

These dose modelling issues are also relevant for the USEPA determination of a slope factor for 
PFOA. 

For PFOA, the USEPA calculated slope factors based on 2 epidemiological studies (Shearer et al. 
2021; Vieira et al. 2013) and 5 endpoints from animal studies (Butenhoff et al. 2012b; NTP 2023).
The slope factors for each endpoint/study type were: 

 Renal cell carcinoma (study in people  Shearer et al. 2021)  29,300 per mg/kg bw/day 
 Kidney cancer (study in people  Vieira et al 2013)  4,010 per mg/kg bw/day 
 Leydig cell adenomas (benign) in testes (study in Sprague Dawley rats  Butenhoff et al. 

2012b)  8.42 per mg/kg bw/day (based on 95% lower confidence limit for a 4% change in 
numbers of lesions) 

 Hepatocellular adenomas/carcinomas (study in Sprague Dawley rats  NTP 2023) 9.4 per 
mg/kg bw/day (based on 95% lower confidence limit for a 10% change in numbers of 
lesions) 

 Hepatocellular adenomas (benign) (study in Sprague Dawley rats  NTP 2023)  9 per 
mg/kg bw/day (based on 95% lower confidence limit for a 10% change in numbers of 
lesions) 

 Pancreatic acinar cell adenoma/adenocarcinoma (study in Sprague Dawley rats  NTP 
2023)  54.7 per mg/kg bw/day (based on 95% lower confidence limit for a 10% change in 
numbers of lesions) 

 Pancreatic acinar cell adenoma (benign) (study in Sprague Dawley rats  NTP 2023) 54.7 
per mg/kg bw/day (based on 95% lower confidence limit for a 10% change in numbers of 
lesions). 

There are a range of issues with the studies on which these values are based. These are discussed 
in the following section (Section 4). 

In addition to the issues discussed in Section 4, these actual slope factor values indicate that the 
risk of cancer from exposure to PFOA is huge compared to the many chemicals we normally 
address in environmental media. This does not make a lot of sense, given the lack of tumours in 
occupationally exposed people. 

In summary, the issues discussed in Section 4 include: 

 Incidence of kidney cancer in these study populations does not appear to be different (or at 
least not very different) from normal rate in that age group for US as a whole (Shearer et al. 
2021, Vieira et al. 2013) 
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 Serum PFOA concentrations in cases were essentially the same in the controls so how can 
their cancer be related to PFOA exposure (see Figure 3  Shearer et al. 2021) 

 Kidney cancer incidence is continuing to increase in the US even though serum PFOA 
concentrations have more than halved, (Shearer 
et al. 2021) 

 Odds ratio for cancer for serum PFOA concentrations in the Australian range is not different 
from background incidence (Vieira et al. 2013) 

 NTP 2023 study identified cancers that occur via a mechanism that is not considered 
relevant for people. 

3.3.4 Slope factor calculations  PFOS 

These dose modelling issues are also relevant for the USEPA determination of a slope factor for 
PFOS. 

For PFOS, the USEPA calculated slope factors based on endpoints from 1 animal study published 
as an industry report (Thomford 2002) and a peer reviewed journal article (Butenhoff et al. 2012a). 
There were no epidemiological studies suitable. 

The slope factors for each endpoint/study type were:  

 Hepatocellular adenomas (benign) (study in male Sprague Dawley rats)  30.5 per mg/kg 
bw/day (based on 95% lower confidence limit for a 10% change in numbers of lesions)

 Hepatocellular adenomas (benign) (study in female Sprague Dawley rats)  35.8 per mg/kg 
bw/day (based on 95% lower confidence limit for a 10% change in numbers of lesions)

 Hepatocellular adenomas/carcinomas (study in female Sprague Dawley rats)  39.5 per 
mg/kg bw/day (based on 95% lower confidence limit for a 10% change in numbers of 
lesions) 

 Pancreatic islet cell carcinomas (study in male Sprague Dawley rats)  29.9 per mg/kg 
bw/day (based on 95% lower confidence limit for a 10% change in numbers of lesions).

There are a range of issues with the studies on which these values are based. These are discussed 
in the following sections (Sections 4, 3.3.2). 

These actual slope factor values indicate that the risk of cancer from exposure to PFOS is large 
compared to the many chemicals we normally address in environmental media. This does not make 
a lot of sense, given the lack of tumours in occupationally exposed people. 

4 Summaries of individual studies 

4.1 Shearer et al. (2021) 

Study population was a randomised group used for a cancer screening trial protocol. There were 
around 150,000 people between 55 and 74 years recruited from 10 US cities  1993-2001. A non-
fasting blood sample was collected at the time of recruitment. 

There were 326 cases of renal cell carcinoma identified in the study population with cases identified 
on average 8-9 years after recruitment (i.e. about 200 in 100,000). 2 cases were excluded as the 
serum samples were not available to measure PFAS concentrations. 
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For each of the 324 cases, a person was identified to act as a control. The controls were similar 
age, sex, race and ethnicity as well as attending the same study centre and had blood sampled in 
the same year as the case. 

This means the statistical analysis in relation to renal cell carcinoma was based on 648 people not 
150,000 people. 

Another problem is shown in Figure 3. The serum concentrations in these 2 groups were not 
actually different so the individuals that did not have cancer cannot really be considered controls. 
The levels of PFOA in their serum were not different so there must be some other reason(s) why 
one person got renal cell carcinoma and the other did not.  

It also does not appear that any chemicals other than PFAS were measured so there is an 
assumption built into this study design that the only cause of impacts to the kidney was the PFAS 
group of chemicals. 

Figure 3: Box plots of serum PFAS concentrations among cases vs controls 
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Figure 3 (continued): Box plots of serum PFAS concentrations among cases vs controls 

Blood samples were analysed for various PFAS. In addition, serum cystatin C and creatinine were 
also measured to allow the calculation of the glomerular filtration rate (indicator of kidney function). 
Body mass index, sex, age at enrolment, smoking status and history of hypertension were also 
considered when stratifying the population.  

Due to the individual pair matching, issues like sex, race, age at enrolment and study centre showed 
the same distributions for cases and controls. Cases were more likely to be obese and to have a 
history of hypertension than controls. A higher proportion of cases had diminished kidney function 
(i.e. glomerular filtration rate) compared to controls but this was not statistically significant. 

There was moderate correlation between different PFAS in the controls (i.e. higher concentrations 
of one PFAS also meant higher concentrations of another PFAS), particularly in relation to PFOS, 
PFOA and PFHxS. 

The statistical analysis showed that there was a statistically significant trend in renal cell carcinoma 
risk with increasing serum PFOS, PFOA, PFHxS. No such relationship was seen for the other PFAS 
measured in serum. The association for PFOA persisted after adjusting for PFOS and PFHxS. The 
association also persisted when those with diminished kidney function were removed from the 
analysis. This was particularly the case for clear cell renal cell carcinoma.  

While these types of analysis are all commonly undertaken in epidemiological studies, the issue that 
the cases and the controls had the same PFOA serum concentrations (or PFOS or PFHxS etc) 
means it is difficult to see how these relationships could have been determined. 
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The statistical analysis determined an odds ratio for renal cell carcinoma of 2 for an approximate 
doubling of PFOA in serum.

The PFOA serum concentrations in the highest quartile for the study population (i.e. >7.3 µg/L 
(same as ng/mL)) were comparable to the highest quartile in the NHANES study in US adults for 
1999-2000 which was 7 µg/L (same as ng/mL). This value is the 75th percentile value from the 
NHANES summary tables for 1999-20007. The 95th percentile value for that sampling event was 
11.9 µg/L (same as ng/mL). This indicates that up to 25% of the US population were at an increased 
risk of renal cell carcinoma with this odds ratio.

Since then, concentrations of PFOA in serum have decreased. The serum concentrations for PFOA 
reported for 2017-2018 were 2 µg/L (75th percentile) and 4 µg/L (95th percentile). Using the 
NHANES data, Figure 4 shows the decreases in serum PFOA concentrations between 1999-2000 
to 2017-2018 concentrations have more than halved.

Figure 4: Serum PFOA concentrations over time from NHANES

7 https://www.cdc.gov/exposurereport/data_tables.html
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The incidence of kidney cancer (includes renal cell carcinoma and other related cancers) in the US, 
however, has continued to increase  from around 10 per 100,000 to 16 per 100,000  over the 
same time. Figure 5 comes from the National Cancer Institute statistics8. 

Figure 5: Kidney cancer incidence rates for US 

A continuing increase in the incidence of kidney cancer while the population PFOA serum 
concentrations are decreasing to this extent makes it difficult to see that there is a link as proposed 
in this paper. It is noted, however, that the population for this study had an incidence of renal cell 
carcinoma of 200 per 100,000 (based on 324 cases in 150,000 people). The population in this study 
was aged 55-74 so it is not appropriate to directly compare this incidence with the age standardised 
incidence. Using the statistics at the National Cancer Institute9, incidence is shown in the following 
graphs for a number of age groups (Figure 6). The incidence for age 65+ is around 100 cases per 
100,000 for men and 45 per 100,000 for women. For 55-64, the incidence is around 50 cases per 
100,000 for men and 25 per 100,000 for women. These incidences are much more comparable with 
those from the study population in Shearer et al. (2021) especially considering the potential 
differences/uncertainties for a population of 150,000 and 300 million. 

 

8 https://seer.cancer.gov/statfacts/html/kidrp.html  
9 https://seer.cancer.gov/statfacts/html/kidrp.html 
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Figure 6: Incidence for these cancers for different age groups 
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4.2 Vieira et al. (2013) 

This study population was recruited from those living around a PFOA manufacturing plant (Vieira et 
al. 2013). It is reporting on part of the work undertaken for the C8 Science Panel project. 

The plant made Teflon and the communities living around it were located in Ohio and West Virginia. 
Concentrations of PFOA in drinking water and serum were measured. The median serum PFOA 
concentration was 28 µg/L with the range including 0.2-22,000 µg/L. Cases were identified using the 
cancer registries for these communities. The cancer cases (all cancers) for the relevant counties 
were compared with median PFOA serum concentrations for each water district  not on an 
individual-by-individual basis (i.e. cancer cases in each water district compared to median PFOA 
serum concentration in each water district). The median PFOA serum concentrations ranged from 
125 µg/L in the most impacted water district (Little Hocking) to 5.3 µg/L in the least impacted water 
district (Mason). Because of the study design, the project was granted a waiver for informed consent
(which is interesting, but it is probably based on them not needing to actually talk to any individuals).

Controls were those cancer cases with cancers that have not been related to PFOA in experimental 
animals  i.e. it was assumed that these other cancer cases were not related to PFOA exposure. It 

serum concentrations so again unclear whether controls were actual helpful. 

One of the registries provided addresses at diagnosis allowing geocoding but the other provided 
identifiers linked to a geographic unit which allowed allocation to the relevant water district. A model 
(developed for the particular situation and validated as part of the C8 Science Panel project) was 
used to estimate serum concentrations on a finer scale for the registry that provided actual 
addresses for cases. 

There were a total of 751 cases of kidney cancer identified from a population in excess of 500,000 
(i.e. around 150 per 100,000  in line with incidence reported for Shearer et al. (2021) and for entire 
US population (see Section 3.1)  i.e. is there any excess in this rate because these people have 
higher serum PFOA concentrations?).  

Considering all water districts, the adjusted odds ratio for kidney cancer was 1.1 (with 95% 
confidence intervals of 0.9-1.4). 

For the most impacted water district (Little Hocking  median PFOA serum concentration = 125 
µg/L), the adjusted odds ratio was 1.7 but the 95% confidence intervals were 0.9-3.3, so not 
statistically significant. For Lubeck (median PFOA serum concentration = 66 µg/L) and Mason 
(median PFOA serum concentration = 5.3 µg/L) water districts, the adjusted odds ratios were 0.7 
and 0.9 respectively. For Tuppers Plains (median PFOA serum concentration = 24 µg/L) and Belpre 
(median PFOA serum concentration = 19 µg/L) water districts, the adjusted odds ratios were 2 and 
1.4 respectively. Only the Tuppers Plains data gave a 95% confidence interval that did not overlap 
with 1. No cases of kidney cancer were identified in Pomeroy water district (median PFOA serum 
concentration = 11 µg/L). 
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More detailed analysis of the data from the Ohio cancer registry that considered the addresses at 
diagnosis and modelled serum concentrations on a finer scale, showed adjusted odds ratios as 
follows: 

 Very high serum concentrations group (i.e. 110-655 µg/L)  odds ratio = 2 (1-3.9)  based on 
9 cases 

 High serum concentrations group (i.e. 31-109 µg/L)  odds ratio = 2 (1.3-3.2)  based on 22 
cases 

 Medium serum concentrations group (i.e. 13-31 µg/L)  odds ratio = 1.2 (0.7-2)  based on 
17 cases 

 Low serum concentrations group (i.e. 4-13 µg/L)  odds ratio = 0.8 (0.4-1.5)  based on 11 
cases 

PFOA serum concentrations in the general population in Australia are within the low serum 
concentrations interval or lower. 

The study authors note that there was no evidence of a positive dose response in the data analysis 
and that there were limitations on their ability to control for confounders as they did not interview 
individuals to obtain information such as smoking status etc  they could only use the information 
available from the cancer registries which may or may not have included information on 
confounders. 

4.3 NTP (2023) 

4.3.1 Summary of study 

The National Toxicology Program in the US undertook a 2-year carcinogenicity study in Sprague 
Dawley rats in 2008-2011 (NTP 2023). 

Two different studies were undertaken. In both studies, rats were exposed via feed  during 
perinatal and post weaning periods. 

Study 1 involved exposure to 0, 150 or 300 ppm during the perinatal period and 0,150, 300 and 
1,000 ppm for the postweaning stage. Female rats only were exposed at the highest dose. Toxicity 
was observed at 16 weeks in the males so only females were observed for the full 2-year period.

Study 2 involved just males and exposures were 0 or 300 ppm during the perinatal period and 0, 20, 
40 and 80 ppm for the postweaning phase through to the full 2-year period. 

These studies were undertaken using the normal protocols of the NTP and in accordance with GLP. 

Male rats had increased incidence of hepatocellular adenomas in the 2 highest dose postweaning 
groups that were not exposed during the perinatal period and in the 2 highest dose postweaning 
groups that were exposed during the perinatal period compared to the control animals. There was a 
higher incidence of hepatocellular carcinomas in the highest dose postweaning group that was 
exposed during the perinatal period compared to the highest dose postweaning group that was not 
exposed during the perinatal period. There were also increased rates of pancreatic acinar cell 
adenomas and adenocarcinomas in all of the exposed groups. There were no results that were 
statistically significant for the females but there were some occurrences of pancreatic acinar cell 
adenomas and adenocarcinomas in the highest dose groups. 
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The NTP classified these results as clear evidence of carcinogenic activity for PFOA exposure in 
male rats and some evidence of carcinogenic activity for PFOA exposure in female rats. 

4.3.2 Relevance of these findings to people 

The potential issue with these results is whether these adenomas/carcinomas are relevant for 
people. 

It is normal for risk assessors to assume tumours in laboratory animals are predictive of potential for 
cancer in people and that the mode of action in the laboratory animals is also likely to be relevant for 
people when there is no information other than the laboratory animal studies to consider. That is the 
basis of guidance from relevant organisations including enHealth. However, where there is further 
information  epidemiological studies, known histological differences or known toxicokinetic 
differences for example  more detailed assessment of the likelihood that such tumours in 
laboratory animals are relevant for people is appropriate. 

There are a range of studies, reviews etc that discuss the fact that there is a classic peroxisome 
proliferator-  liver adenomas, Leydig cell 
adenomas and pancreatic acinar cell adenomas  and they note that this pathway is not relevant in 
people (Cohen et al. 2003; Corton, Peters & Klaunig 2018; Drury, Prueitt & Beck 2024; Klaunig et al. 
2003; Klaunig, Hocevar & Kamendulis 2012). The 2003 papers were based on a workshop in 2001. 
The workshop also resulted in the USEPA preparing a draft policy statement which also confirmed
that this type of tumour is based on a mechanism that is not relevant for people (USEPA 2003). The 
findings in that draft policy statement were incorporated into the most recent advice from USEPA 
about assessing the potential for cancer for pesticides (rather than a final policy statement being 
issued) (USEPA 2023). 

The fact that it is not relevant in people is also confirmed by the approval/use of fibrate type drugs 
for cholesterol control. Fibrates are chemicals that have been identified as interacting with 
and exposure to these drugs for experimental animals induces tumours, however, an agreement 
amongst experts that this is not relevant for people must be in place, given that these drugs are 
approved for use. 

resulting in tumours is relevant in people (Klaunig, Hocevar & Kamendulis 2012). The mode of 
action that has been identified for PFOA in rats is as proposed in Figure 7. 

 

Figure 7: Proposed mode of action for liver tumours in rats due to PFOA 
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The authors of this paper provided the following useful summary of the findings on PFOA, PPAR
and liver tumours from the papers arising from the 2001 workshop (Klaunig, Hocevar & Kamendulis 
2012): 

The workshop group concluded that: 

(1) the weight of evidence in linking PPAR  to the mode of carcinogenic action of PFOA is high 
for the liver 
(2) PPAR  activation as a MOA for liver tumour induction is plausible in humans since the 
PPAR  is present in human livers at levels capable of mediating a hypolipidemic response to 
fibrate drugs (PPAR  activators), but that  
(3) the weight of evidence suggests that this MOA is unlikely to occur in humans due to 
quantitative differences between rodents and humans.  
 

While the human liver contains PPAR , of particular relevance is that: 

(1) approximately 10-fold less mRNA for PPAR  is found in human liver compared with rodents
(2) using a PPAR - humanized mice (expression of the human PPAR  in mouse) activated with 
the PPAR  ligand Wy-14643, it was demonstrated that PPAR -mediated pathways controlling 
lipid metabolism were independent from those controlling the cell proliferation pathways
(3) PFOA activated the mouse PPAR  to a greater extent than the human PPAR  suggesting 
that humans would be less responsive to PFOA than rodents  
(4) no increases in hepatic cell proliferation were observed in cynomolgus monkeys fed PFOA 
for 6 months. 

Similarly, information is available indicating that people are less responsive than rats to the changes 
in endocrine hormones in the testis that form part of the mechanism of action in relation to Leydig 
cell tumours (around 10 fold higher receptors for relevant hormones in rats compared to people)
(Klaunig, Hocevar & Kamendulis 2012). Also, receptors relevant for pancreatic tumours are also 
lower in people than in rats making people less sensitive (Klaunig, Hocevar & Kamendulis 2012). 

4.4 Butenhoff et al. (2012b) (PFOA) 

This study was a standard 2-year dietary study in Sprague-Dawley rats. The study used the 
ammonium salt of PFOA and the rats were fed either 30 or 300 ppm (i.e. 1.5 or 15 mg/kg bw/day). 
The only tumour type observed that could be related to exposure to PFOA was Leydig cell tumours. 
Liver and pancreas tumours were not observed and any other tumour types that were observed 
were seen only at the normal levels reported for this strain  so not related to PFOA exposure. 
Survival of the male rats was higher in the group exposed to the highest PFOA dose with the 
controls and lower PFOA dose having lower survival (similar to each other). This study was 
undertaken in 1983 but only laboratory reports and peer review pathology reports were available 
prior to publication of this paper. There are no particular issues to arise from this study in relation to 
the slope factor calculation by USEPA. 
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4.5 Butenhoff et al. (2012a) (PFOS) 

This study was a standard 2-year dietary study in Sprague-Dawley rats. The study used the 
potassium salt of PFOS and the rats were fed 0, 0.5, 2, 5 and 20 ppm for up to 104 weeks. Male 
rats in the treatment groups survived longer than the controls. The treatment groups had lower 
cholesterol levels compared to controls. Non-cancer effects were seen in the liver (i.e. hypertrophy, 
vacuolation and proliferation). The only tumour type observed that could be related to exposure to 
PFOS was hepatocellular adenomas. Benchmark dose for a 10% increase in these adenomas was 
8 ppm. This study was completed in 2002. There are no particular issues to arise from this study in 
relation to the slope factor calculation by USEPA. 

5 Other matters 

5.1 General 

There are a range of other matters that are relevant for discussion including: 

 c   see Section 3.3.2 for 
this discussion 

 key characteristics process  discussion provided here. 

5.2 Key characteristics 

A paper was published in 2016 that detailed IARCs review of all their current information on Group 1 
carcinogens (Smith, M.T. et al. 2016). 

The work involved reviewing data for more than 100 agents/chemicals that had already been 
classified as Group 1. Expert workshops were convened to identify key characteristics which could 
be evaluated across the available data. They identified 10 characteristics that chemicals classified 
as carcinogens frequently exhibit. 

The importance of such characteristics to provide an early indicator that more studies are required 
for a chemical to determine if it could be carcinogenic is agreed. It is also noted that there are 
numerous issues with studies in people and studies in laboratory animals that can also make 
classification difficult. However, it is not clear that the key characteristics should be considered 
sufficient evidence on their own to allow classification. 

The preamble in the IARC monographs describes how IARC has decided to use these key 
characteristics in classification. These key characteristics are not hallmarks of cancer (relates to 
characteristics of cancer cells) nor do they provide appropriate information to consider the pathway 
by which exposure to a particular chemical may result in cancer. Instead, these are designed to 
provide a wholistic consideration of general characteristics that can then be further assessed. 

The preamble indicates that studies should be considered for the following to determine quality and 
appropriateness for use in classification: 

 Studies in people or in human primary cells/tissues vs experimental systems 
 Endpoint (e.g. DNA damage) 
 Study design (duration (focus on longer term or repeat dose), species, sex, strain, target 

organ, strength of design, exposure assessment methodology, route of exposure) 
 Suitability of dose range 
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 Extent of concurrent toxicity. 

Only studies of appropriate quality are to be used  as is normal in such reviews. 

The key characteristics do not necessarily mean a chemical definitely causes cancer. Chemicals 
can produce oxidative stress but not be carcinogenic. For those characteristics, care must be taken 
in interpreting data. 

For both PFOS and PFOA, the classifications are predominantly based on these chemicals having 1 
or more of these characteristics rather than confidence in studies showing increased tumour 
incidence. 

A review of the approach using the key characteristics has been undertaken specifically in relation 
to PFOS and PFOA (Drury, Prueitt & Beck 2024).  

This review raises the following issues: 

 The process should involve: 
o Identification of any relevant key characteristics 
o Consideration of actual mechanism or proposed mechanism for a particular chemical 

related to those key characteristics and how it is understood they may lead to cancer 
o Consideration of whether that mechanism is relevant for people. 

 Key characteristics identified for PFOS and PFOA were: 
o Immunosuppressive 
o Induces epigenetic changes 
o Induces oxidative stress 
o Modulates receptor mediated effects 
o Alters cell proliferation, cell death and nutrient/energy supply (PFOA). 

 The strength of evidence for these characteristics was considered strong and resulted in 
upgrading of the classification for both chemicals. 

 Conclusion on these chemicals being immunosuppressive is predominantly based on 
vaccine response studies in children in Faroe Islands  this study has been much discussed 
as the antibody levels in children were still in the clinically effective range (i.e. vaccination 
was successful), the range of PFOS/PFOA concentrations was relatively small, dose 
response relationships were difficult to identify. Therefore, the strength of this key 
characteristic for these chemicals is questionable. 

 Given the broadness of the characteristics, there is discussion in the literature that the rate 
of false positives will increase if classifications are driven by these characteristics (Drury, 
Prueitt & Beck 2024; Smith et al. 2021). This is shown by the fact that predicting cancer 
hazard based on each key characteristic or in combination has been found to be no better 
than chance (Becker et al. 2017). 

 While DNA reactivity of a chemical may be a straightforward indicator of potential for cancer, 
the mode of action for chemicals that do not react with DNA is critical to understanding their 
potential to cause cancer. For some of the key characteristics, there are multiple potential 
mechanisms by which these chemicals may cause/result in these characteristics and not all 
of the different mechanisms result in cancer. 

For PFOS and PFOA, once the key characteristics were identified then the information from 
experimental animal studies and in people needs to be considered.  
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Overall 

The tumours seen in the experimental animals were almost entirely those associated with impacts 
See discussion in Section 

3.3.2. This issue has not been discussed in the IARC monograph or in the USEPA profiles so it has 
been assumed in both that these types of tumours are relevant for people. 

In relation to the studies in people for PFOA, there are some fundamental issues with the 
appropriateness of the study designs. In Shearer et al. 2021, the controls had essentially the same 
serum PFOA concentrations as the cases so it is unclear how it can be determined that kidney 
cancer rates were increased due to exposure to PFOA. This is supported in both Shearer et al. 
2021 and Vieira et al. 2013 as the incidence of kidney cancer in the study populations were quite 
similar to the normal rate for kidney cancer in the US population. Another aspect providing support 
is the fact that PFOA serum concentrations have been decreasing significantly over the last 20 
years but the incidence of kidney cancer is continuing to increase.   
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24 April 2025 

  

1 Background 
Environmental Risk Sciences Pty Ltd (enRiskS) has been engaged by NSW Health to prepare 
technical advice for consideration by the NSW Health PFAS Technical Advisory Panel. 

This document provides a summary of the available information regarding the current scientific 
consensus on PFAS health effects and key animal studies that were used for derivation of health 
based guideline values by Australian (Food Standards Australia New Zealand (FSANZ) and Nation 
Health and Medical Research Committee (NHMRC)) and international agencies (for example, 
European Food Safety Agency (EFSA), Agency for Toxic Substances and Disease Registry 
(ATSDR) and United States Environmental Protection Agency (USEPA)).  

2 Key takeaways 
While there is some general consensus on the health effects of exposure to PFAS (specifically 
PFOS and PFOA) the critical effects and studies relevant to establish quantitative toxicity reference 
values vary significantly. 

Australian reviews conducted to date have concluded the epidemiological data is not sufficiently 
robust to establish quantitative values. This is in contrast to EFSA and USEPA that have both 
considered the most sensitive endpoint for both PFOS and PFOAS as immunosuppression, relying 
on epidemiological studies to establish guidelines. 

The animal studies support the following health effects: 

 developmental and reproductive effects (commonly identified as a critical endpoint) 
 immune effects (noting that some reviews have not considered the animal data to be 

sufficiently robust to establish a guideline) 
 hepatic effects (noting that not all effects reported are considered to be adverse  and not all 

evaluations have considered what is adverse) 
 carcinogenicity (noting this is the critical effect considered in the NHMRC draft evaluation 

(2024) however the relevance of such effects does require further consideration in relation to 
relevance to humans  refer to cancer discussion paper) 

 haematologic effects (only considered to be a critical effect for PFOS in draft NHMRC 
evaluation (and not other agencies) and clinical relevance is not established). 

Environmental Risk Sciences Pty Ltd 
P.O. Box 2537 
Carlingford Court, NSW 2118 
 
Phone: +61 2 9614 0297 
www.enrisks.com.au  
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3 Australia 

3.1 PFOA 

FSANZ (2017) 

This review (FSANZ 2017)  toxic mechanism(s) in humans are unclear, but 
epidemiological evidence suggests that PFOA may be positively associated with serum levels of 
cholesterol, LDL, and serum triglycerides. PFOA may also be positively associated with risk of 
gestational hypertension, and with a risk of decreased birth weight. Evidence of other effects, 
including associations with cancers, is inconsistent and equivocal. FSANZ has identified a number 
of deficiencies in the available epidemiological studies and meta-analysis. available 
epidemiological data are not suitable to support the derivation of a health based guideline value 
(HBGV) for PFOA.  

Modelling of the toxicity of PFOA in animal species is complicated by two major factors; interspecies 
 

FSANZ has not interpreted increased absolute liver weight in a small number of monkeys as an 
adverse effect (which has been considered by other agencies as such) as there was no significant 
effect on relative liver weight, and no histological evidence of hepatocellular hypertrophy or liver 
lesions. 

In relation to the assessment of immune effects the FSANZ review noted that mouse studies 
indicate that PFOA may cause atrophy and changed cellularity in immune system organs of mice, 
and at lower doses may suppress humoral responses to antigens. However, data from animal 
studies are not sufficiently robust for use in quantitative human risk assessment. Furthermore, 
currently available epidemiology data are insufficient to establish a cause-and-effect relationship 
between PFOA exposure and clinically relevant immunomodulatory effects. 

Developmental and reproductive toxicology studies of PFOA in rats and mice are available. Overall, 
the studies support the conclusion that PFOA may exert adverse effects on prenatally exposed pups 
at dose levels that do not cause maternal toxicity. This is the basis for the FSANZ guideline.

The PFOA HBGV was derived using a TDI of 160 ng/kg/day that is based on a HED for the serum 
NOAEL reported by Lau et al. (2006) for a developmental and female reproductive toxicity mouse 
study. Due to the different toxicokinetics of PFOS between humans and animals (primarily the 
elimination half-life of PFOA), the HED was calculated using PBPK modelling and the NOAEL 
average serum PFOS concentration reported by Lau et al (Lau et al. 2006).  

FSANZ (2017) also considered other mouse toxicity data from the same study, rat toxicity data 
(Perkins et al. 2004) and monkey toxicity data (Butenhoff, J et al. 2002) considered to be reliable 
when selecting the key study. Data from the Lau et al (2006) resulted in the lowest HED, and 
therefore, this study was selected as the key study to derive the HBGV.  

NHMRC (draft 2024) 

In October 2024, the NHMRC published draft drinking water guidelines for public comment (the 
for 4 key PFAS (PFOS, PFHxS, PFOA and PFBS) (NHMRC 2024). A number of 

supporting technical documents were provided in relation to the review. The key supporting 
documents were prepared by SLR. 
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A key comment in relation to the NHMRC evaluation is that the scope of the technical review related 
to studies published since the FSANZ (2017) evaluation. Further the derivation of updated drinking 
water guidelines ignored the previous studies and relied only on the studies published since FSANZ 
(2017). 

For PFOA review of the epidemiological studies, in particular those relating to immunosuppression 
that a causal relationship between increased PFAS serum levels (as a mixture including 

PFOA) and impaired vaccine response cannot be established with reasonable confidence from the 
available human epidemiological information addition, epidemiological studies related to effects 
on cholesterol, liver biomarkers and low infant birth weight were considered to have limitations, have 
low certainty in for findings and included potential confounding. 

The evaluation relied on the NTP (2023) study for determining a quantitative value. The study 
considered a range of endpoints, with the critical endpoint identified as carcinogenicity (non-
genotoxic mode of action) with neoplastic effects such as pancreatic acinar adenomas and 
adenocarcinomas considered to be more critical than non-neoplastic effects. Refer to the cancer 
discussion paper for further comments on this endpoint and relevance to humans. 

3.2 PFOS 

FSANZ (2017) 

Consistent with the review completed for PFOA the mode of action for PFOS is not well defined and 
review of the available epidemiological studies indicates that these are not suitable to support the 
derivation of a HBGV for PFOS. Hence animal studies were considered of most relevance. 

 and hence review of effects from animal studies 
 

Consistent with the PFOA evaluation, increased liver weight and hepatocellular hypertrophy, in the 
absence of histopathological corelates were not considered to be adverse effects. PFOS was found 
to induce, through a non-genotoxic mechanism, liver tumours in rats at high doses above which 
non-neoplastic effects were observed in liver.  

Foetal and neonatal toxicity was observed in reproductive and developmental studies at doses 
which were similar to or below those producing maternal toxicity. Developmental effects ranged 
from reduced pup body weights and body weight gains at low doses to mortality at higher doses. 
Developmental delays such as delayed eye-opening were also observed in rats, and increased 
incidences of sternal defects were seen at high doses in mice (FSANZ 2017). 

The PFOS health based guideline value (HBGV) was derived using a tolerable daily intake (TDI) of 
20 ng/kg/day that is based on a human equivalent dose (HED) for the NOAEL (0.1 mg/kg/day) 
reported by Luebker et al. (2005a) for a two-generation reproductive rat study. Due to the different 
toxicokinetics of PFOS between humans and animals (primarily the elimination half-life of PFOS), 
the HED was calculated using PBPK modelling and the NOAEL average serum PFOS concentration 
reported by Luebker et al. (2005a).  

FSANZ (2017) also considered other animal data relevant to assessing reproductive and 
developmental effects, subchronic and chronic toxicity and carcinogenicity, based on rat toxicity 
data (Butenhoff, JL et al. 2012; Lau et al. 2003; Thibodeaux et al. 2003; Thomford 2002) and 
monkey toxicity data (Seacat et al. 2002) considered to be reliable when selecting the key study to 
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derive the HBGV. Data from the Luebker et al. (2005a) resulted in the lowest HED, and therefore, 
this study was selected as the key study to derive the HBGV.  

NHMRC (draft 2024) 

In October 2024, the NHMRC published draft drinking water guidelines for public comment (the 
for 4 key PFAS (PFOS, PFHxS, PFOA and PFBS) (NHMRC 2024). A number of 

supporting technical documents were provided in relation to the review. The key supporting 
documents were prepared by SLR. 

A key comment in relation to the NHMRC evaluation is that the scope of the technical review related 
to studies published since the FSANZ (2017) evaluation. Further the derivation of updated drinking 
water guidelines ignored the previous studies and relied only on the studies published since FSANZ 
(2017). 

SLR Consulting (SLR 2024) identified several new studies about the toxicity of PFOS, with the 
following considered as key studies: 

 US National Toxicology Program (NTP 2022) 
 Zhong et al. (2016) (Zhong et al. 2016). 

These studies were in addition to the single key study previously adopted by Food Standards 
Australia and New Zealand (FSANZ) (and other agencies) in 2017 (Luebker et al. 2005a). 

NTP (2022) was the driver for the choices made by NHMRC. 

This study was a 28-day study in rats. This is a common type of study undertaken by the NTP. 
These types of studies look at hundreds of different effects in the animals from mortality to minor 
changes in blood chemistry when the rats are exposed to a chemical of interest. This agency is well 
qualified to undertake such studies. 

SLR Consulting did review the way USEPA (and other agencies) assessed the quality of the 
relevant toxicity studies, however, they did not undertake an independent detailed review of the 
quality of this study. Instead, they relied on the fact that the USEPA determined that this was a high 
quality study. It is unclear if NMHRC has undertaken a detailed review of this study. A detailed 
review of NTP (2022) by enRiskS has identified a range of issues with this study in regard to the 
chosen endpoint from this study, including: 

 The use of a short-duration study: 
o The study was only 28 days long which is considered too short for studies of 

persistent chemicals like PFAS. Other studies available in the literature have been 
undertaken for 2 years for rats and 6 months for monkeys  this is much more 
relevant for these chemicals. It is not clear why the short-term study was considered 
in preference to these other (longer) studies (noting the longer duration studies were 
not considered by NHMRC in this round of evaluation). 

o The key effects identified by NHMRC were not seen in the longer studies, so it is not 
clear that they could be considered to be relevant or adverse. 

 Animal studies only identifying effects at very high doses: 
o The NTP study looked at many effects in rats but only a small number of effects were 

different in treated rats compared to control rats, and only at very high doses 
(>1,000,000 ng/kg bw/day). Such high concentrations are not environmentally 
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relevant but are commonly used in such studies to actually see effects. Often such 
doses are required when chemicals cause general types of toxicity rather than 
toxicity via specific mechanisms such as inhibition of enzymes or interactions with 
receptors etc. The fact that such high doses were required in the study to see any 
effects potentially points to generalised toxicity rather than toxicity via a specific 
mechanism of importance. 

o The reason the toxicity reference value for people is so low based on this endpoint is 
not due to the dose that caused the endpoint effect but is due to the toxicokinetic 
considerations that have been incorporated in the calculation by the USEPA to 
convert from a dose in rats to a dose in people. These considerations have 
effectively resulted in a 1,000,000 fold factor (based on an exposure to 1,250,000 
ng/kg bw/day where the relevant effects were seen in the rats compared to the 
toxicity reference value used of 0.98 ng/kg bw/day. For most chemicals, a default 
factor of 10 is applied to convert animal data to human equivalent data. 

 Quality of the NTP study: 
o Review of the NTP study noted that equipment used in the experiment included 

Teflon  i.e. a source of PFAS. It is common practice in laboratories to remove all 
Teflon from studies wherever possible. In addition, a single round of chemical 
analysis was undertaken on the treatment solutions used in the experiment, even 
though the solutions were made up at the beginning of the experiment, accessed 
every day and stored for the whole study period potentially in contact with Teflon 
containing materials. Good data quality is an important aspect of ensuring robust 
data are used in guideline development. 

o Analysis was not undertaken using the normal analytical method for environmental 
samples (i.e. LC/MS or LC/MS/MS) as per USEPA guidance. Instead, the analysis 
was undertaken using LC with either an ion chromatography detector or a UV 
spectrophotometer detector. This is because the concentrations required for this 
experiment were so extremely high that it was not necessary to use the sort of 
sensitive method required for low level environmental samples. Using these other 
types of detectors is not covered by the USEPA standard methods for analysis of 
PFOS (or other PFAS). It is not clear that these are appropriate, validated methods. 

 Immunotoxicity endpoint: 
o Immunotoxicity was initially considered as a key endpoint for PFOS, PFHxS and 

PFBS by SLR Consulting and NHMRC. 
o This type of endpoint was determined to not be clinically relevant for PFOS, so a 

different key effect appears to have been adopted by NHMRC for the calculation of 
the guideline  changes in red blood cell production processes. 

o However, the same type of immunotoxicity endpoints remain as the key endpoints for 
PFHxS and PFBS without any explanation as to why such effects were not clinically 
relevant for PFOS but are relevant for PFHxS and PFBS i.e. the decision-making 
process is inconsistent between PFAS. 

 Critical endpoint chosen: 
o For PFOS, the key endpoint chosen was related to changes in the production of red 

blood cells  the NTP authors decided that the level of this effect was minimal at all 
treatment levels where a change from the controls was noted  i.e. there was a likely 
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flat, dose response relationship for this effect which makes statistical analysis 
difficult. 

o There is not a lot of information available as to the potential for this endpoint to 
actually be adverse. The NTP study reported that there was no overall change in the 
red blood cell count at any treatment level and no anaemia was reported. This may 
have been due to the length of the study but it could also be due to the observed 
changes in the production of red blood cells not being a particularly important effect 
as other processes address those observed changes automatically over time.

o The statistical analysis of the data for PFOS was identified as problematic by SLR 
Consulting and Professor Brian Priestley: 

 there are 2 sets of values that can be used to indicate a negligible change in 
the effect of interest (i.e. the key value for use in calculating the toxicity 
reference value)  

 one value (NOAEL) comes from the actual observations in the study the 
measured concentrations of PFOS in the blood when the rats were exposed 
at the dose that did not change red blood cell production 

 the other value (BMD10) comes from a statistical calculation of what the 
concentration of PFOS in blood would be when there was a 10% change in 
the red blood cell production 

 using the BMD10 gives a drinking water guideline of 0.0034 µg/L and using the 
NOAEL gives a drinking water guideline of 0.077 µg/L i.e. a 20-fold difference

 these 2 types of values should be similar as they are designed to be an 
estimate of the same thing  the dose that results in a negligible change in 
the parameter of interest. This significant difference indicates a likely issue 
with the dose response relationship i.e. not a strong relationship and one 
impacted by variability. 

Based on the above, the recommended guideline for PFOS should, therefore, have 
been 0.077 µg/L which is based on the NOAEL (i.e. same as recommended by SLR 
Consulting and Professor Brian Priestley; retain the existing value) as this is the 
value based on actual measured blood concentrations in animals where the change 
in red blood cell production did not occur. 

These issues indicate that the study and endpoint chosen is not robust or relevant for use in setting 
guidelines. 

4 EFSA 
The evaluation from EFSA (EFSA Panel on Contaminants in the Food Chain et al. 2020). This 
evaluation focused on the sum of four PFAS, i.e. PFOA, PFNA, PFHxS and PFOS. These four 
PFAS share toxicokinetic properties, show similar accumulation and long half-lives, show the same 
effects when studied in animals and are the PFAS that contribute most to the levels observed in 
human serum. 

The review considered both animal and human data. 

The animal data indicated the following:  
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 the most consistent endpoint was increased liver weight, seen for all PFASs studied but with 
clear differences in relative potencies. Disturbances in lipid metabolism, including 
hepatocellular steatosis and hepatotoxic effects, were evident mostly at higher dose levels 

 many PFASs decreased the levels of thyroid hormones (both T4 and T3). For some PFAS, 
increased relative kidney weight, and alterations of the mucosa in the nasal cavity and 
olfactory epithelium were observed 

 the most sensitive developmental effect was impaired development of mammary glands in 
mice, after exposure of the dams late in gestation or the offspring in utero or via lactation. 
The impairment persisted beyond sexual maturity. 

Review of the epidemiological studies determined the following: 

 epidemiological studies provide support for the conclusion that PFOS and PFOA are 
associated with reduced antibody response to vaccination, observed in several studies

 epidemiological studies provide clear evidence for an association between exposure to 
PFOS, PFOA and PFNA and increased serum levels of cholesterol. As for PFOS and PFOA, 
epidemiological studies provide insufficient evidence to conclude on associations between 
exposure to other PFASs and increased risk of cardiovascular disease. 

The EFSA review concluded that effects on the immune system, which were observed at the lowest 
serum PFAS levels in both animals and humans, is the critical effect. The findings were considered 
robust since in animals they were consistently observed for the two studied PFAS (PFOA, PFOS) 
and also in humans. 

The approach adopted by EFSA in establishing a toxicity reference value was to rely on the 
epidemiological studies, in particular the studies that showed various associations between the 
serum levels of individual PFASs, but also the sum of PFOA, PFNA, PFHxS and PFOS, and 
antibody titres against diphtheria and tetanus. 

The use of epidemiological studies for establishing a quantitative value is not supported by the 
Australian reviews. Also refer to the separate review of epidemiological information, including the 
studies related to vaccine response. 

5 USEPA  
The USEPA reviews (USEPA 2024a, 2024b) considered a range of data. The toxicity reference 
values were derived based on immunosuppression endpoints, principally relying on epidemiological 
studies  consistent with the approach adopted by EFSA (refer to discussion above). 

5.1 PFOA 

The following adverse health effects were considered relevant to the assessment of PFOA. Outside 
of the use of epidemiological studies the following health endpoints and animal studies were 
considered to be reliable for derivation of the PFOA reference dose (USEPA (2024b): 

 Immune effects: mouse study conducted by DeWitt et al. (2008) that reported decreased 
immunoglobulin (IgM) response to sheep red blood cells (SRBCs). This was identified as a 
medium confidence study.  

 Developmental effects: mouse study conducted by Song et al. (2018) that reported 
decreased offspring survival for F1 males and females, and a mouse study conducted by 
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Lau et al. (2006) that reported delayed time to eye opening for F1 male and females. These 
studies were identified as medium confidence studies.  

 Hepatic effects: rat study conducted by NTP (2023)1 reported necrosis in perinatal and 
postweaning (2-year) males. This was identified as a high confidence study.  

5.2 PFOS 

The following adverse health effects were considered relevant to the assessment of PFOS. Outside 
of the use of epidemiological studies the following health endpoints and animal studies were 
considered to be reliable for derivation of the PFOS reference dose USEPA (2024a): 

 Immune effects: mouse study conducted by Zhong et al. (2016) that reported a decrease in 
plaque forming cells in response to sheep red blood cells, and a rat study conducted by NTP 
(2022)2 that reported extramedullary hematopoiesis in the spleen. The Zhong et al (2016) 
study was identified as a medium confidence study and the NTP (2019) study was identified 
as a high confidence study. 

 Developmental: rat study conducted by Luebker et al. (2005b) that reported decreased pup 
body weights for F1 male and females. This study was identified as a medium confidence 
study.  

 Hepatic effects: rat study conducted by Buttenhoff et al (2012) and Thomford (2002) that 
reported individual cell necrosis in the liver of female adults. This study was identified as a 
high confidence study.  

6 ATSDR (2021) 

6.1 PFOA 

The minimal risk level (MRL) for PFOA was derived by ATSDR (2021) using a LOAELHED of 
0.000821 mg/kg/day, based on data from a developmental mouse study conducted Koskela et al. 
(2016) that reported adverse skeletal effects in mice. The figure below illustrates the various health 
endpoints and LOAELs considered during identification of key animal toxicity studies for MRL 
derivation. ATSDR (2021) determined that developmental endpoints are the most sensitive target of 
PFOA.  

 

1 The NTP (2023) report is an updated version of the NTP (2020) report referenced in USEPA (2024a). 
2 The NTP (2022) report is an updated version of the NTP (2019) report referenced in USEPA (2024b). 
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6.2 PFOS 

The MRL for PFOS was derived using a NOAELHED of 0.000515 mg/kg/day, based on data from a 
rat developmental study conducted by Luebker et al. (2005a) that reported delayed eye opening and 
decreased pup weights in rats. The figure below illustrates the various health endpoints and
LOAELs considered during identification of key animal toxicity studies for MRL derivation. ATSDR 
(2021) determined that immunological and developmental effects were the most sensitive targets of 
PFOS.   
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6.3 Steering Committee of the Alliance for Risk Assessment 

The Steering Committee of the Alliance for Risk Assessment (ARA) convened an advisory 
committee of scientists from four countries to review relevant information and independently develop 
ranges for estimated PFOA safe doses (Burgoon et al. 2023). The advisory committee determined 
that the available epidemiological information could not form a reliable basis for PFOA safe dose 
estimation in the absence of mechanistic data that are relevant for humans at serum concentrations 
seen in the general population.  

PFOA safe doses between 0.001 and 0.07 µg/kg/day were calculated using animal toxicity data 
from the following key studies and health endpoints: 

 Butenhoff, J et al. (2002): reported increased liver weights in monkeys 
 Lau et al. (2006): reported dose-dependent growth deficits for mice during gestation days 1-

17 
 Loveless et al. (2006): reported lipid parameters/relative liver weights in male mice 
 Abbott et al. (2007): reported neonatal survival for mice 
 DeWitt et al. (2016): reported immune suppression in mice. 

A paper is also in review in relation to PFOS  further information can be supplied at a later date. 
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1 Background 
Environmental Risk Sciences Pty Ltd (enRiskS) has been engaged by NSW Health to prepare 
technical advice for consideration by the NSW Health PFAS Technical Advisory Panel.  

This document provides a summary of the information in relation to the clinical utility of blood testing 
in communities with PFAS exposure. The summary includes information on the following two 
aspects: 

 identification and summary of peer-reviewed studies and systematic reviews 
 identification and summary of data or case studies on correlation between blood levels of 

PFAS and health outcomes.  

This is not a comprehensive literature review but includes a summary of the key reviews/studies that 
have been undertaken. This summary was prepared using the following information sources:

 ANU (2018) The PFAS Health Study: Systematic Literature Review. Australian National 
University (Kirk et al. 2018). 

 ANU (2021) PFAS Health Study: Overall Summary. Australian National University. 
December 2021 (ANU 2021). 

 Taucare et al. (2024) Temporal trends of per- and polyfluoroalkyl substances concentrations: 
Insights from Australian human biomonitoring 2002-2018 and the U.S. NHANES programs 
2003-2018 (Taucare et al. 2024). 

 NASEM (2022) Guidance of PFAS Exposure, Testing, and Clinical Follow-Up. National 
Academies Sciences, Engineering and Medicine (National Academies of Sciences 2022). 

 EFSA (2020) Risk to human health related to the presence of perfluoroalkyl substances in 
food. EFSA Journal 18(9): e06223 (EFSA Panel on Contaminants in the Food Chain 
(CONTAM Panel) et al. 2020).  

 ToxConsul (2014) Health impact assessment from consumption of fish from Lake Fiskville. 
Appendix G in Cardno (2014) Human Health Risk Assessment  Fiskville Community: 
Fiskville Training College 4549 Geelong-Ballan Rd, Fiskville Victoria (ToxConsult 2014). 

 ToxConsult (2016) Toxicity profiles for the perfluorinated compounds PFOS, PFOA, 6:2FTS 
and 8:2 FTS. Appendix E in AECOM (2016) Off-site Human health Risk Assessment, July 
2016: RAAF Base Williamtowm, Williamtown NSW (ToxConsult 2016). 
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 Clewell (2024) Mode of action criteria for selection of the critical effect and safe dose range 
for PFOA by the Alliance for Risk Assessment (Clewell 2024). 

2 Key takeaways 
 there are two approaches for interpreting biomonitoring data (e.g. PFAS blood 

concentrations): reference-based (compares data to a reference population and is not based 
on potential health outcomes) and risk-based (compares data to levels associated with 
potential health effects) 

 the available studies indicate that there is a clear relationship between PFAS exposure and 
elevated blood PFAS concentrations in humans 

 PFAS blood concentrations (PFOS, PFOA and PFHxS) have been declining since 2002/03 
based on Australian and US data 

 ANU (2018) investigated 148 health outcomes and only reported sufficient evidence of an 
association between PFOS and PFOA exposure and elevated blood cholesterol. However, 
the increases are likely to be low and have limited effects on health. Therefore, it is not likely 
to be clinically relevant 

 ANU (2021) reported little association between PFAS and biochemical markers of disease. 
However, associations with elevated total cholesterol and/or uric acid were reported for 
some communities 

 there is inconsistency in the available reviews of epidemiological studies in relation to 
associations between blood PFAS and health outcomes (reported as associated health 
outcomes from ANU (2018) and NASEM (2022) summarised in Table 1) 

 the health outcomes that have been reported (sufficient evidence and/or limited evidence) 
are all common in the general population and have multiple risk factors 

 ANU (2018) reported that the association with elevated blood uric acid concentration could 
be due to reverse causation, whereby people with poor kidney function caused by something 
else are unable to remove PFAS via their kidneys which is one of the main ways people can 
excrete PFAS (this may also be relevant to all kidney related health outcomes listed in Table 
1) 

 NASEM (2022) presents cut-off levels for clinical guidance in relation to PFAS blood 
concentrations. These are based on values derived by the German Human Biomonitoring 
Committee (HBM) that were derived for PFOS and PFOA based on epidemiology studies. 
The key cut-off for blood concentrations are 2 ng/mL and 20 ng/mL, which NASEM (2022) 
has applied to the additive sum of seven PFAS 

 EFSA (2020) present a tolerable weekly intake for the sum of four PFAS (PFOS, PFOA, 
PFHxS and PFNA) of 4.4 ng/kg body weight per week, which is based on a blood serum 
concentration of 17.5 ng/mL. This serum concentration was from an epidemiological study 
showing an inverse association between PFAS serum levels in one year olds and antibody 
titres against diphtheria 

 the quality of epidemiological studies to establish thresholds as undertaken by NASEM 
(2022) and EFSA (2020) is unclear  refer to the summary of epidemiological studies 

 ToxConsult (2014) and ToxConsult (2016) derived human serum no observed effect levels 
(NOELs) for PFOS. In both studies the adopted serum NOEL was 2 mg/L, (calculated using 
a range of approaches). This value is significantly higher than adopted by NASEM (2022) 
and EFSA (2020) 
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 Clewell (2024) concluded that there was no mode of action information or mechanistic data 
to support epidemiological associations of blood concentrations of PFOA as low as 10 ng/mL 
with health effects and that these reported associations may be due to reverse causality or 
pharmacokinetic confounding. Effects based on animal studies are significantly higher.

Table 1: Summary of identified associations between PFAS blood concentrations and health 
outcomes from epidemiological studies (based on ANU 2018 and NASEM 2022) 

ANU (2018) NASEM (2022) 
Sufficient evidence of 

association 
Limited evidence of 

association 
Sufficient evidence of 

association 
Limited evidence of 

association
Elevated blood cholesterol High blood uric acid 

concentration 

Impaired glomerular 
filtration rate 

Chronic kidney disease 

Kidney cancer 

Testicular cancer 

Impacts on vaccine derived 
immunity for diphtheria and 
rubella 

 

Decreased antibody 
response  

Dyslipidaemia (abnormal 
levels of lipids in the 
bloodstream) 

Decreased infant and foetal 
growth 

Increased risk of kidney 
cancer 

Increased risk of breast 
cancer 

Liver enzyme alterations 

Increased risk of 
pregnancy-induced 
hypertension 

Increased risk of testicular 
cancer 

Thyroid disease and 
dysfunction 

Increased risk of ulcerative 
colitis 

3 Approaches for interpreting biomonitoring data and blood 
concentrations 

NASEM (2022) provides a useful summary of strategies for interpreting biomonitoring data (e.g. 
PFAS blood concentrations). It outlines that there are generally two strategies for interpreting 
chemical concentrations for exposure biomonitoring: reference-based (or descriptive) and risk-
based. Each of these are discussed briefly below.  

Reference-based approaches can allow a clinician to understand whether the concentration of a 

statistical approach where results are compared to a reference population. This approach depends 
on data availability and data comparability for both the methods used to measure the PFAS and the 
population with which the results are being compared. This type of approach does not interpret 
blood concentrations in relation to any potential health effects.  

Risk-based 
concentration is below or above a value associated with a tolerable, negligible or minimal risk. One 
approach to do this is to rely on epidemiological studies with exposure response relationships, such 
as the approach used by the German HBM Committee. Another option is to derive serum or plasma 
concentrations that are consistent with health-based guidance values such as reference doses 
(RfD) or tolerable daily intakes (TDI). The health-based guidance values are often based on animal 
studies and may not include blood measurements. In these cases, pharmacokinetic modelling is 
often used to determine the animal blood concentrations (NASEM 2022). 
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4 Summary of key studies and reviews in relation to blood testing and 
health effects 

4.1 ANU (2018) The PFAS Health Study: Systematic Review 

4.1.1 Background and approach 

The ANU (2018) systematic review examined all published research into the human health effects of 
exposure to PFAS. The authors reviewed research that had been published up until 7 February 
2017, which included 221 separate scientific publications.  

peer reviewed and grey literature on a number of databases. The identified studies and reports were 
screened to determine if they were relevant and suitable for inclusion in the systematic review.   

The papers reviewed for the study were categorised into 12 main health outcome areas: 

 neonatal, infant and maternal outcomes 
 reproductive outcomes 
 metabolic outcomes  
 thyroid outcomes 
 neurodevelopmental and neurophysiological outcomes 
 cancers 
 diabetes 
 cardiovascular outcomes 
 overweight and obesity 
 immunological outcomes 
 skeletal outcomes 
 respiratory outcomes. 

4.1.2 Key findings 

The authors reported that in general, the literature supports a relationship between PFAS exposure 
and elevated blood concentrations of PFAS in humans.  

Of the 148 health outcomes investigated, the authors reported sufficient evidence of an association 
between PFOS and PFOA exposure and elevated blood cholesterol. However, they reported that 
the consequent increase in blood cholesterol from PFAS exposure is likely to be low and is 
therefore likely to have limited effects on health. 

The authors found limited evidence of an association between PFOS and PFOA exposure and 
seven additional health effects: high blood uric acid concentration, impaired glomerular filtration 
rate, chronic kidney disease, kidney cancer, testicular cancer and impacts on vaccine derived 
immunity for diphtheria and rubella.  

In relation to elevated uric acid in blood, the authors noted uric acid is a normal body product and is 
removed by the kidneys. In a small number of studies, there was limited evidence that high PFAS 
levels in the blood reduced kidney function or were associated with chronic kidney disease. Since 
PFAS are excreted by the kidneys, the authors highlighted that it is possible PFAS does not cause 
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poor kidney function. Instead, it is possible that poor kidney function cause by something else cases 

might also explain the association of higher uric acid levels with higher PFAS levels in blood.  

There was insufficient evidence to support an association for other PFAS and the eight health 
outcomes mentioned above where associations were discussed for PFOS and PFOA. There was 
also insufficient evidence to support an association between PFAS and the remaining 140 health 
outcomes investigated.  

4.2 ANU (2021) PFAS Health Study  Overall Summary 

The PFAS Health Study investigated potential health effects of PFAS in Australian communities with 
known PFAS impacts (i.e. Katherine in the Northern Territory, Oakey in Queensland and 
Williamtown in NSW. This Health Study started with a systematic review (summarised in the 
previous section). Following this, the Health Study was conducted in four parts: 

i. focus group discussions 
ii. blood testing of PFAS concentrations in serum and biochemical markers of health 
iii. survey of PFAS exposure history and self-reported health issues 
iv. data linkages to examine perinatal outcomes, childhood development, and cancer and 

cause-specific mortality outcomes.  

Parts ii, iii and iv involved people from the communities with known PFAS impacts (listed above) as 
well as people who live in similar areas in Australia that were not known to have PFAS impacts. 

information provided in this section has been sourced from that summary report. However, more 
detailed discussions are available in the following reports: 

 Component one: Oakey, Williamtown and Katherine focus groups study 
 Component two: Blood serum study of PFAS exposure, related risk factors and biochemical 

markers of health 
 Component three: Cross-sectional survey of self-reported physical and mental health 

outcomes and associations with blood serum PFAS 
 Component four: Data linkage study of health outcomes associated with living in PFAS 

exposure areas. 

There was clear evidence of elevated blood serum PFAS concentrations in residents and workers in 
the three PFAS impacted communities. For individual PFAS, the geometric mean in blood serum 
concentrations were all higher in the PFAS-impacted communities compared to the comparison 
communities, with the exception of PFOA where the concentrations were similar (Table 2). 

Table 2: Summary of PFOS, PFHxS and PFOA blood serum concentrations for the PFAS-impacted 
communities and comparison communities 

PFAS Geometric mean PFAS blood serum concentrations (ng/mL) 
PFAS-impacted communities Comparable communities 

PFOS 4.9  6.6  2.5  3.3 
PFHxS 2.9  3.7 0.7  1.2 
PFOA 1.3  1.8 1.2  1.4 
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Overall, there was little association between PFAS and biochemical markers of disease risk. 
However, higher PFAS blood serum concentrations were associated with a higher prevalence of 
elevated total cholesterol in participants in Williamtown, and higher prevalence of elevated uric acid 
(a marker of kidney function) in participants from Williamtown and Katherine. However, it was 
reported that these differences were small and unlikely to be important to health.   

People who lived or worked in PFAS-impacted areas were more likely to self-report various health 
outcomes than people from comparison communities. However, this part of the study was based on 
a voluntary survey, so survey findings may not accurately reflect the situation in the whole 
community. The prevalence of self-reported disease was largely not associated with higher PFAS 
concentrations in blood serum, nor were associations consistently observed across the three PFAS-
impacted communities.   

4.3 Taucare et al. (2024) Temporal trends of PFAS concentrations 

This is a recent paper published in the peer reviewed scientific literature. The objective of this study 
was to analyse temporal trends in PFOS, PFOA, PFHxS and PFNA serum concentrations using 
data from the Australian Human Biomonitoring (HBM) program and the United States (US) National 
Health and Nutrition Examination Survey (NHANES) program from 2022 to 2021.  

The Australian HMB program involves biannual cross-sectional collection of pooled, de-identified 
surplus serum samples from routine pathology tests. The collected samples are pooled according to 
six age groups (0-5, 6-15, 16-30, 31-45, 45-60 and >60 years) and two gender categories. Taucare 
(2024) used serum concentration data for PFOS, PFOA, PFHxS and PFNA from this program 
across nine sampling periods between 2002-03 and 2020-21. 

NHANES is a national survey conducted by the Center for Disease Control and Prevention (CDC) 
for the National Center of Health Statistics (NCHS). 

For both the US and Australian data analysed, there was a decline in PFOS, PFOA and PFHxS 
serum concentrations after 2002/03. These declines were reported by the authors to coincide with 
implemented measures to reduce PFAS exposure. The PFNA serum concentrations showed an 
initial increase from 2002/03 to 2009/10, which likely reflects a shift towards PFNA as an alternative 
to other PFAS. The PFNA serum concentrations showed a decline after this time (Figure 1).
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Figure 1: Temporal trends of PFOS, PFOA, PFHxS and PFNA serum concentrations in Australia and 
the US (Figure sourced from Taucare et al. 2024) 
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This study also identified gender-based differences, with females in the age groups 6-15, 31-45 and 
46-60 showing consistently lower concentrations compared to males. This gender difference is 
consistent with other research and is thought to be, at least partially, due to menstruation and 
lactation, which serves as an excretion pathway for PFAS.  

4.4 National Academies of Science Engineering and Medicine: Guidance on PFAS 
Exposure, Testing and Clinical Follow-Up (NASEM 2022) 

The National Academies of Science Engineering and Medicine (NASEM) has released a document 
with guidance on PFAS exposure, testing and clinical follow-up (NASEM 2022). This document was 
prepared by a committee that was formed to advise on PFAS testing and clinical care for patients 
exposed to PFAS. The tasks for the committee included providing recommendations in relation to:

 options and considerations to guide decision-
urine 

 PFAS concentrations that could inform clinical care of exposed patients  
 appropriate patient follow-up and care specific to PFAS-associated health endpoints for 

those patients known or suspected to be exposed to PFAS.  

The committee found sufficient evidence of an association for the following diseases and health 
outcomes: 

 decreased antibody response (in adults and children) 
 dyslipidaemia (in adults and children) 
 decreased infant and foetal growth 
 increased risk of kidney cancer. 

The committee also found limited or suggestive evidence of an association for the following 
diseases and health outcomes: 

 increased risk of breast cancer (in adults) 
 liver enzyme alterations (in adults and children) 
 increased risk of pregnancy-induced hypertension (gestational hypertension and 

preeclampsia) 
 increased risk of testicular cancer (in adults) 
 thyroid disease and dysfunction (in adults) 
 increased risk of ulcerative colitis (in adults).  

However, NASEM (2022) does acknowledge that many of the health outcomes or conditions that 
the committee found to be associated with PFAS exposure are common in the general population 
and all have multiple risk factors.  

In terms of clinical follow-up in relation to serum PFAS concentrations, the recommendations made 
by NASEM (2022) are shown in Figure 2. As outlined in the footnote to Figure 2, the term PFAS 
concentration  refers to the additive sum of MeFOSA, PFHxS, PFOA, PFDA, PFUnDA, PFOS and 
PFNA in serum or plasma (note this is the list of PFAS that NHANES measures  the list is not 
related to risk).  
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Figure 2: Clinical guidance and follow-up with patients after PFAS testing (sourced from NASEM 2022)

Based on the recommendations in NASEM (2022), the key cut-off points for interpretation of PFAS 
serum concentrations are 2 ng/mL and 20 ng/mL (Figure 2). Based on data from NHANES, NASEM 
(2022) reported that 2 ng/mL corresponds to the 2nd percentile of serum PFAS concentrations in the 
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US population and 20 ng/mL corresponds to the 91st percentile. Therefore, NASEM (2022) notes 
that 89% of the US population fall in the orange area in Figure 2 and 9% fall in the red area. 

The key cut-off PFAS serum concentrations recommended by NASEM (2022) were based on levels 
developed by the German Human Biomonitoring (HBM) Commission. The German HBM values 
were based on a review of the epidemiologic literature to compile serum or plasma levels with or 
without observable effects. These values represent concentrations below which no observed risk of 
adverse health effects is expected (HBM-I) or above which adverse health effects are possible 
(HBM-II).  

The German HBM Commission identified levels based on two PFAS only, PFOS and PFOA. The 
HBM-I values were determined to be 2 ng/mL for plasma PFOA and 5 ng/mL for plasma PFOS. 
These values were based on points of departure from epidemiological studies, where the point of 
departure represents the lower limit of the quantile for which significant increased risk was 
observed. A range of health outcomes were reviewed by the German HBM Commission, including 
fertility, pregnancy-induced hypertension and diabetes, reduced birth weight, serum cholesterol 
concentrations, serum uric acid concentrations, reduced antibody response to vaccination, pubertal 
development, thyroid metabolism and onset of menopause.  

The HBM-II values were also based on epidemiological studies on PFOS and PFOA and 
associations with adverse health outcomes, including reduced birth weight, developmental effects, 
reduced fertility, reduced antibody response to vaccination, increased cholesterol concentrations 
and type 2 diabetes. The HBM-II PFOS and PFOA plasma concentrations were determined to be 20 
ng/L and 10 ng/mL, respectively. These were based on the general population, excluding women of 
childbearing age. Lower values of 10 ng/mL and 5 ng/mL, respectively, were determined for women 
of childbearing age. The German HBM Commission indicated that there was ample uncertainty 
around the HBM-II values for PFOS and PFOA.  

The values summarised above were used by the NASEM committee to develop the categories 
shown in Figure 2. As stated in NASEM (2022): 

The lowest PFAS risk-based level is 2 ng/mL (HBM-I for PFOA), and the highest PFAS risk level is 
20 ng/mL (HBM-II for PFOS in the general population), demonstrating that risks are unexpected 
below 2 ng/mL and that the risks of PFAS-associated effects at the population level is increased at 
20 ng/mL. The risk-based levels for sensitive populations fall between 2 ng/mL and 20 ng/mL.

However, the NASEM committee also noted that in many communities, a large percentage of the 
population may have exposure to PFAS that would be considered high using the cut-offs presented. 
This does not mean that health effects will occur but likely relates to increased risk.  

A key consideration from the information summarised above is that the HBM-I and HBM-II values 
were derived for PFOS and PFOA plasma concentrations only. However, NASEM (2022) 
recommends applying these cut-offs to the additive sum of MeFOSSA, PFHxS, PFOA, PFDA, 
PFUnDA, PFOS and PFNA in serum or plasma. In addition, it is noted that many of the health 
outcomes and conditions used to derive the HBM-I and HBM-II values are common in the general 
population and all have multiple risk factors. This can lead to considerable uncertainty.  
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4.5 EFSA (2020) Risk to human health related to the presence of PFAS in food

In 2020, the European Food Safety Authority (EFSA) released a report presenting a human health 
risk assessment considering exposure to PFAS from food. Part of this work involved deriving a 
tolerable weekly intake for the assessment (TWI). The TWI was 4.4 ng/kg body weight per week for 
the sum of four PFAS: PFOS, PFOA, PFHxS and PFNA. This value corresponds to a tolerable daily 
intake (TDI) of 0.63 ng/kg body weight per day. The TDI was derived based on pharmacokinetic 
modelling from a blood serum concentration of 17.5 ng/mL (i.e. near the upper bound cutoff for 
clinical follow-up identified by NASEM (2022)).  

The blood serum concentration used to derive the TDI and TWI presented by EFSA was the lowest 
BMDL10 for the sum of the four PFAS listed above for 1 year old children. The BMDL10 refers to 
the lower bound of the benchmark dose associated with a 10% extra risk of an adverse effect.  

The BMDL10 value was from an epidemiological study based on children from Germany showing an 
inverse association between serum levels of PFOA (and the sum of PFOA, PFNA, PFHxS and 
PFOS) in one year olds, and antibody titres against diptheria.   

4.6 ToxConsult (2014) Health impact assessment from consumption of fish from 
Lake Fiskville 

As a result of fire training activates undertaken at the Country Fire Authority (CFA) site in Fiskville, 
Victoria, water and sediment in Lake Fiskville became impacted by PFAS. Due to the 
bioaccumulative nature of PFAS, fish in Lake Fiskville contained these compounds. The main PFAS 
reported in fish samples from the lake was PFOS.  

As part of an impact health assessment undertaken by ToxConsult (2014), people who had eaten 
fish from Lake Fiskville were invited to participate in a health surveillance program. The program 
was also open to people who had not consumed fish but were concerned about their exposure to 
PFAS. This program included quantification of PFAS concentrations in serum of participants. 
Twelve of the 22 participants indicated that they had eaten fish from Lake Fiskville.  

The PFOS serum concentrations were assessed in a number of ways: 

  
 comparison with a human serum concentration considered to be without effects in humans
 calculation of margin of exposure (MoE).  

Three different methods were used to establish a serum no observed effect level (serum NOEL) (for 
dot point 2 above): 

 dose response analysis of a number of occupational epidemiology studies where individuals 
had serum concentrations up to 13 mg/L 

 derivation from monkey and rat serum NOELs using standard uncertainty factors giving 
equivalent human NOELs of 3.3 to 4.4 mg/L 

 conversion of the TDI set by EFSA in 2008 into an equivalent steady state serum 
concentration, which was determined to be 2 mg/L. 

Based on the above methods, the serum NOEL adopted for the health impact assessment was 2 
mg/L (i.e. the lowest of the values summarised above). The EFSA TDI use to derive this serum 
NOEL has now been superseded. However, this previous value was established based animal 
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studies, specifically adverse effects in the liver of rats and mice. Whereas the current EFSA 
TDI/TWI is based on epidemiological studies (which have issues  refer to the epidemiology paper). 

The PFOS serum concentrations in the participants who had eaten fish from Lake Fiskville were on 
average 5-times higher than the participants who had not eaten fish (0.085 mg/L and 0.016 mg/L, 
respectively). The highest reported concentration was 0.4 mg/L. All concentrations were at least 5-
times below the serum NOEL that had been derived for this assessment (i.e. 2 mg/L).  

ToxConsult (2014) also provided a figure summarising the serum concentrations from participants in 
the study relative to a range of toxicological endpoints or thresholds related to blood serum 
concentration (Figure 3). Overall, this study concluded that there was a low likelihood of adverse 
health effects arising from the PFOS serum concentrations in the participants.  
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Figure 3: Comparison of measured serum PFOS concentrations with critical levels in animals and 
humans (ToxConsult 2014) 
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4.7 ToxConsult (2016) Toxicity profiles for PFOS, PFOA, 6:2FTS and 8:2FTS 

ToxConsult (2016) presents detailed toxicity profiles for four PFAS as part of the human health risk 
assessment that was done for off-site areas near RAAF Base Williamtown. As part of this work, two 
processes were used to derive human serum NOEL: 

 identification of a serum NOEL from occupational epidemiological studies 
 derivation from experimental animal serum NOELs using standard safety factors.  

From the occupational epidemiological information that was available, it was reported that a serum 
concentration of 2 mg/L represents a level at which harm has not been observed in adults. At 
concentrations higher than 6 mg/L, slight positive associations with increased serum cholesterol, 
triglyceride and high density lipoprotein were reported.  

The animal serum NOELs that were derived as part of this study ranged from 2.1 to 10.7 mg/L. 

The final values that were adopted for the assessment were 0.7 mg/L for children and women of 
childbearing age, and 2 mg/L for other adults. The value for other adults was based on the 
occupational epidemiology studies and is also consistent with the value that ToxConsult has derived 
previously for Fiskville (ToxConsult 2014, as summarised above).  

4.8 Clewell (2024) Mode of action criteria for selection of critical effect and safe 
dose range for PFOA 

The aim of Clewell (2024) was to evaluate alternative interpretations of available animal and 
epidemiology study results for PFOA in the basis of the available mechanistic evidence (noting that 
other PFAS, including PFOS, were not discussed in this study). This was done is response to the 
disparity in risk assessment values for PFOA from different agencies and countries.  

The current estimates of safe exposure to PFOA vary over several orders of magnitude. This is 
primarily due to different assessments of the reliability of associations reported in human 
epidemiology studies at exposures well below those associated with effects in animal studies. The 
information below is a summary from Clewell (2024) in relation to blood PFAS concentrations and 
health effects. The original studies have not been reviewed.  

Animal evidence of PFOA carcinogenicity is limited to liver tumours that are only observed at PFOA 
blood concentrations above 2000 ng/ml, with a mode of action that appears to be rodent specific. In
contrast, epidemiology studies have reported increased prevalence of renal carcinomas from PFOA 
exposure resulting in blood concentrations of 7.3-27 ng/ml. However, Clewell (2024) highlighted that 
the associations reported between blood PFOA concentrations and renal effects may actually be 
due to reverse causality. In this case, it is proposed that renal cell cancer induction results in 
impaired kidney function, which can lead to higher PFOA concentrations due to impaired excretion. 
This is consistent with the discussion presented in ANU (2018). 

Studies in rodents have reported developmental effects associated with PFOA blood concentrations 
in the order of 10,000 ng/ml. However, epidemiology studies have reported associations of PFOA 
with decreased birthweight at PFOA concentrations of less than 100 ng/ml. In a previous review, the 
associations between PFOA and decreases in birth weight were attributed to possible reverse 
causality or confounding by pregnancy haemodynamics.  
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Evaluations of potential pharmacokinetic bias have demonstrated that associations between 
prenatal exposure to PFAS and lower birth weight in epidemiological studies may actually be driven 
by changes in glomerular filtration rate (GFR), which increases by about 50% during the first half of 
pregnancy followed by a slight decline in the second half. Studies have shown that with less of an 
increase in GFR tended to have smaller babies.  

In both mouse and humans, induction of the peroxisome proliferator-activated receptor alpha 

regulator of lipid metabolism in the liver. Liver toxicity from repeat PFOA exposure has only been 
observed at much higher blood concentrations, e.g. 4000 ng/ml in rodents and 19,000 ng/ml in 
monkeys. 

In the monkey study referred to above, PFOA caused no changes in serum cholesterol at blood 
concentrations of 19,000 ng/ml. However, associations between increased PFOA concentrations in 
blood and higher total cholesterol have been reported in human from epidemiology studies where 
blood are lower than 50 ng/ml. This response is reported to flatten out at PFOA blood 
concentrations of 208 ng/ml. In addition, much higher PFOA blood concentrations (in the order of 
800 ng/ml) have been reported to decrease cholesterol in human patients.  

The observed association with serum cholesterol was reported in Clewell (2024) to be maybe due to 
pharmacokinetic confounding resulting from the observed cotransport of PFOA with medium- and 
long-chain fatty acids. It was reported that this type of effect could result in the unusual 
concentration-response relationships observed in epidemiological studies.  

In relation to immune response, Clewell (2024) states that the available in vitro evidence does not 
support the epidemiological studies that report associations with PFOA blood concentrations and 
decreased immune response in the order of 10-100 ng/mL. These epidemiological studies had a 
small range of exposure concentrations, therefore, a significant proportion of variation in the 
measured PFOA levels in people may be due to differences in metabolism and excretion, rather 
than exposure. This may lead to pharmacokinetic confounding. 

Clewell (2024) concluded the following: 

 there is no mode of action information or mechanistic data to support the reported 
epidemiological associations of blood concentrations of PFOA as low as 10 ng/mL with 
health effects 

 it is more likely that the reported associations may be due to reverse causality or 
pharmacokinetic confounding. 
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