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DEDICATION

In memory of a great scientist 
and friend 

The AMAP Human Health Assessment 
Report 2015 is dedicated to our esteemed 
colleague, Dr. Éric Dewailly. He died in 
a tragic accident at La Réunion in June 
2014, while on vacation together with 
his family.

Éric was a leading expert in the AMAP 
Human Health Assessment Group. He 
was very clear that we needed not only 
to monitor levels of contaminants in 
humans, but also to study the human 
health effects arising from these 
contaminants. His early research papers 

from Quebec are still outstanding 
and must be regarded as foundational 
pioneer work. The combination of public 
health and toxicology research was the 
basis for the development of a great 
network; in Canada, in all circumpolar 
countries, and, not least, across all the 
scientific disciplines needed for good 
research in environmental medicine. His 
laboratory in Quebec and the generous 
contribution from Health Canada to the 
first AMAP human health assessment 
made it possible to produce compatible 
and reliable data from all circumpolar 
countries, for the first time in history. 

Éric’s scientific portfolio speaks for itself. 
He published a few hundred papers in 
his decades-long career, always filled 
with new ideas and new questions; 
otitis media, cardio-vascular effects, 
reproductive effects, and immune 
effects, just to mention a few. The 2015 
report contains substantial results of his 
excellent work. We hope that his fear of 
a ‘boring report’ has not been realized.

Just as important as his scientific life 
was his social contribution to a large 
group of colleagues with very different 
backgrounds and perspectives. We 
could have very open and interesting 
discussions in a friendly atmosphere, 

and then we could have a good (and long 
lasting!) dinner. To enjoy life meant that 
his pipe was with him, and there was no 
fanatical talk about risk factors. Another 
not well known side of Éric was his 
talent as a story teller. Those of us who 
participated in the Svalbard meeting will 
remember hours of funny stories from 
all the places in the world he visited, of 
course with his special French way of 
expressing himself.  

We lost some of our future with Éric. 
He was a mentor and a supervisor for 
the most brilliant scientists of the new 
generation. Even so, some of us are in the 
same generation and we will continue the 
work in the spirit of how we think Éric 
would have continued. We are certain 
that he would agree with that. We will 
do the best we can, and hopefully he will 
send his strong corrections from above if 
we are not on the right track. Thank you 
for everything, Éric!

Jon Øyvind Odland and Shawn 
Donaldson (Co-chairs AMAP Human 
Health Assessment Group)
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Preface

This assessment report presents the results of the 2015 AMAP 
Assessment of Human Health in the Arctic. This is the fourth 
AMAP assessment dealing with this issue in a sequence and 
updates the assessments delivered in 1998, 2002 and 2009. 

The Arctic Monitoring and Assessment Programme (AMAP) is 
a group working under the Arctic Council. The Arctic Council 
Ministers have requested AMAP to:

 • produce integrated assessment reports on the status and 
trends of the conditions of the Arctic ecosystems

 • identify possible causes for the changing conditions

 • detect emerging problems, their possible causes, and the 
potential risk to Arctic ecosystems including indigenous 
peoples and other Arctic residents

 • recommend actions required to reduce risks to Arctic 
ecosystems.

This report provides the accessible scientific basis and validation 
for the statements and recommendations made in the Summary 
for Policy-makers: Arctic Pollution Issues 2015 reporti that was 
delivered to Arctic Council Ministers at their meeting in Iqaluit, 
Canada in April 2015. It is also the basis for a related AMAP 
State of the Arctic Environment report Arctic Pollution Issues 
2015: Overviewii. It includes extensive background data and 
references to the scientific literature, and details the sources 
for graphics reproduced in the overview report. Whereas the 
Summary for Policy-makers report contains recommendations 
that focus mainly on policy-relevant actions concerned with 
addressing contaminant impacts on Arctic human populations, 
the conclusions and recommendations presented in this report 
also cover issues of a more scientific nature, such as proposals 
for filling gaps in knowledge, and recommendations relevant 
to future monitoring and research work.

This assessment of Arctic human health impacts of contaminants 
and other stressors was conducted between 2012 and 2014 by an 
international group of over 60 experts. AMAP Human Health 
assessment group members and lead authors are appointed 
following an open nomination process coordinated by AMAP. 
A similar process was used to select international experts who 
independently reviewed this report.

Information contained in this report is fully referenced and 
based first and foremost on peer-reviewed and published 
results of research and monitoring undertaken since 2009. 
It also incorporates some new (unpublished) information 
from monitoring and research conducted according to well-
established and documented national and international 
standards and quality assurance/quality control protocols. Care 
has been taken to ensure that no critical probability statements 
are based on non-peer-reviewed materials. 

Access to reliable and up-to-date information is essential for 
the development of science-based decision-making regarding 
ongoing changes in the Arctic and their global implications. 

Related assessment summary reportsi,ii have therefore been 
developed specifically for policy-makers, summarizing the 
main findings of the assessment. The assessment lead authors 
have confirmed that both this report and its derivative products 
accurately and fully reflect their scientific assessment. All 
AMAP assessment reports are freely available from the AMAP 
Secretariat and on the AMAP website: www.amap.no, and their 
use for educational purposes is encouraged.

AMAP would like to express its appreciation to all experts who 
have contributed their time, efforts and data, in particular the lead 
authors who coordinated the production of this report. Thanks 
are also due to the reviewers who contributed to the human 
health assessment peer-review process and provided valuable 
comments that helped to ensure the quality of the report. A 
list of contributors is included in the acknowledgements at the 
start of this report and lead authors are identified at the start of 
each chapter. The acknowledgements list is not comprehensive. 
Specifically, it does not include the many national institutes, 
laboratories and organizations, and their staff, which have 
been involved in various countries in human health-related 
monitoring and research. Apologies, and no lesser thanks are 
given to any individuals unintentionally omitted from the list.

The support from the Arctic countries and non-Arctic countries 
implementing research and monitoring in the Arctic is vital to 
the success of AMAP. The AMAP work is essentially based on 
ongoing activities within these countries, and the countries 
that provide the necessary support for most of the experts 
involved in the preparation of the AMAP assessments. In 
particular, AMAP would like to acknowledge Canada and 
Norway for taking the lead country role in this assessment 
and thank Canada, Denmark, Norway, and the Nordic Council 
of Ministers for their financial support to the human health 
assessment work. The contribution of the Inuit Circumpolar 
Council (ICC) to the preparation of this assessment is also 
greatly appreciated.

The AMAP Working Group is pleased to present its assessment 
to the Arctic Council and the international science community.

Shawn Donaldson (Human health assessment Co-lead, Canada)

Jon Øyvind Odland (Human health assessment Co-lead, Norway)

Morten Olsen (AMAP Chair, April 2015)

Lars-Otto Reiersen (AMAP Executive Secretary)

Oslo, December 2015

i AMAP, 2015. Summary for Policy-makers: Arctic Pollution Issues 2015. Arctic Monitoring and Assessment Programme (AMAP), Oslo, Norway. 12 pp.
ii AMAP, 2015. Pollution Issues 2015: Overview report. Arctic Monitoring and Assessment Programme (AMAP), Oslo, Norway.
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1. Introduction

Authors: Jon Øyvind Odland, Shawn Donaldson, Alexey Dudarev, Anders Carlsen

The 2015 Human Health Assessment Report follows three 
previous AMAP assessments on human health (AMAP 1998, 
2003, 2009) and represents the current knowledge base after 
25 years of focused study. This report includes new knowledge, 
updates and fills information gaps identified in past reports, 
and focuses attention on the most recent integrated scientific 
knowledge related to environmental contaminants and human 
health. It does not update information concerning the levels 
and effects of radioactivity and UV-radiation; these topics were 
addressed in the first comprehensive AMAP Assessment Report 
(AMAP 1998). 

1.1  AMAP 1998 human health 
assessment

The Arctic Monitoring and Assessment Programme (AMAP) 
began in 1991. Phase 1 was designed to implement components 
of the Arctic Environmental Protection Strategy (AEPS) as 
adopted by the Ministers of the eight Arctic countries. The 
main task was to prepare an assessment of the state of the 
Arctic environment with respect to defined pollution issues. 
Based on this, AMAP designed and implemented a monitoring 
program largely based on adaptation of ongoing national and 
international activities and initiated new monitoring and 
research work only where necessary to fill out the AEPS. The 
first AMAP assessment, entitled AMAP Assessment Report: 
Arctic Pollution Issues, was published in 1998 (AMAP 1998). 

The first AMAP assessment was not an environmental risk 
assessment. Rather, it was a compilation of current knowledge 
about the Arctic region and a statement of the prevailing 
conditions in the area. The assessment was prepared in 
a systematic and uniform manner to provide the means 
for intercomparisons with other regional environmental 
conditions, and for assessing the nature and extent of 
anthropogenic influences on the circumpolar region related 
to global environmental pollution.

The 1998 report had a broad and holistic perspective; the issues 
related to population health and exposure to environmental 
contaminants were contained in a single chapter (Hansen 
et al. 1998). The health chapter provided the very first quality 
assured comparison of persistent organic pollutants (POPs) 
and metals in human biological materials at the circumpolar 
level1 (Odland and Nieboer 2012). 

It was clearly evident from the 1998 AMAP Assessment Report 
that several groups of people in the Arctic were highly exposed 
to environmental contaminants, that others were less exposed 
and that exposures for Inuit people were substantially greater 
than for non-Arctic residents. It was also concluded that 
variation in human exposure depended upon a combination of 
factors: different environmental concentrations of contaminants 

across the Arctic; local physical and biological pathways 
which make the contaminants more or less available; and the 
local dietary habits of the exposed individuals. The overall 
report concluded that current understanding of contaminant 
transport processes into the Arctic, the relative importance of 
contaminant concentrations between compartments (air, land, 
water, ice, sediments, biota) and the ability to quantify them 
were inadequate. 

The fundamental importance of  good and reliable 
biomonitoring programs and health effects studies was a key 
conclusion of the health chapter (Hansen et al. 1998). Despite 
concern over the levels of some contaminants found in blood 
samples, the health chapter emphasized that breastfeeding 
(with its well-established benefits) and consumption of 
traditional (country) food items (i.e., food from wild animals 
and plants that are hunted, caught or collected locally in the 
Arctic) should continue even though there was not a full 
understanding of the effects of the contaminants on human 
health. A separate chapter of the 1998 AMAP Assessment 
Report described characteristics of human populations in 
the Arctic relevant to pollution issues. One result of this 
overview has been the development of a comprehensive set of 
circumpolar health indicators (Young and Bjerregaard 2008). 

1.2  AMAP 2002 human health 
assessment

The 2002 human health assessment (AMAP 2003) went 
deeper into health effects, reporting case studies in different 
geographical areas. It focused upon the combined effects of 
‘multiple environmental stressors’. Evidence from analyses 
of banked blood samples from Norway (non-Arctic donors) 
demonstrated an exponential increase in polybrominated 
diphenylethers since 1977. Progress was made on studies of 
interactive effects of mixtures of POPs found in some traditional 
diets. Also, information on concentrations of contaminants 
found in species consumed as traditional food and in the 
various organs of these species improved. Subtle, dose-related 
neurotoxic effects of methylmercury were reported in children 
in some Arctic regions. These findings enhanced the basis for 
targeted dietary advice for specific local populations which 
would benefit from lowering their exposures. The success of 
carefully developed public health strategies was demonstrated 
in the Faroe Islands where interventions related to consumption 
of pilot whale meat resulted in an 80% reduction in mean 
mercury body burdens. 

The 2002 assessment opened up the issue of how to conduct 
risk assessments when dealing with exposure to mixtures of 
contaminants rather than exposure to individual contaminants. 
New epidemiological approaches and mechanistic biomarker 

1 Health Canada provided funding for the analyses of blood samples from all eight Arctic countries in a single QA/QC assured laboratory to enable direct 
comparisons of data from country to country.
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effects studies made it possible to examine for the first time the 
effects of current contaminant exposure, possible interactions, 
and the modifying effects of nutrients (‘combined effects’). 

It was clear that in some areas, indigenous peoples enjoyed the 
same level of health as the non-indigenous populations, but 
in most areas of the Arctic population health for indigenous 
peoples was significantly poorer. Among indigenous peoples, 
lifestyle-related conditions such as obesity, diabetes, and 
circulatory diseases were shown to be more frequent than 
previously reported. Suicide and injuries remained significant 
causes of death in parts of the Arctic.

1.3  AMAP 2009 human health 
assessment

The 2009 assessment (AMAP 2009) presented more evidence, 
more data and an accelerated understanding of population 
health and well-being issues in the Arctic. Epidemiological 
study designs were improved, molecular research was in rapid 
development and several of the ongoing mother/child cohorts 
provided results of developmental effects. Risk communication 
and risk management were on the public health agenda. Human 
adaptation to climate change became part of the discussion, 
and several new substances emerged as contaminants of 
potential concern. 

Extensive new data for Arctic Russia were available for the 
first time in the 2009 assessment report, indicating elevated 
levels of oxychlordane and polychlorinated biphenyls (PCBs) 
in indigenous coastal peoples from Chukotka (AMAP 2004). 
These levels have been linked to consumption of marine 
mammals by these coastal peoples. DDE, the major metabolite 
of the pesticide DDT, was reported at the highest concentrations 
in Arctic Russia, despite its decline in most other areas of the 
Arctic. These data suggested that the likely source was recent 
use of DDT in Russian agriculture or its use as a pesticide in 
northern communities, rather than long-range atmospheric 
transport and local accumulation in the marine mammal 
food chain. 

Mercury levels were reported to be declining in many 
populations across the Arctic; however, Inuit people still had 
blood mercury levels three to ten times higher than populations 
which consumed imported store-bought foods, as determined 
in the 1998 and 2002 assessments. This finding of elevated blood 
mercury was especially prominent in Greenland and parts of 
Arctic Canada. The proportion of Inuit women of childbearing 
age who exceeded guidelines for blood mercury was seen to be 
decreasing. The pattern in Arctic Russia was, however, different; 
even in areas with relatively high levels of POPs, mercury 
concentrations were low. Overall, the influences of social, 
cultural, and economic change on diet, together with peoples’ 
responses to risk advisories in the Arctic, were considered to 
be the primary reasons for these decreases in human blood 
mercury levels. The decreases in human blood mercury levels 
were in contrast to the increasing levels of mercury seen in 
many marine species in some parts of the Arctic.

The 2009 assessment provided public health authorities with 
more detailed information on contaminant health effects at 

the molecular and clinical level than before. The challenge for 
policymakers and public health authorities was the conversion 
of these findings into new or altered contaminant management 
strategies and health advisories. Risk communication must be 
carried out with great care and must be sensitive to cultural 
preferences at a community level. Within a community there 
may be a need for specific and targeted advice to address the 
potential health risks for a particular subgroup (such as women 
of childbearing age). The 2009 assessment report clearly stated 
that it could not provide specific public health advice in local 
and regional situations, but could evaluate the circumpolar 
impacts of efforts by local health authorities to develop and 
disseminate advice.

1.4  Challenges for the AMAP 2015 
human health assessment

It is an ongoing challenge to facilitate a holistic health impact 
assessment of the influences of environmental pollution on 
the health of Arctic peoples and the associated risk factors 
affecting them. This requires an interdisciplinary approach. 
Climate adaptation has increasing importance for all aspects of 
human life in the Arctic. Considering the importance of general 
health and the influence of changing diets and contaminants 
on disease outcomes, more efforts were made over the five-year 
period leading up to the 2015 assessment to systematically 
collect, analyze, and report on the evolving health status of 
Arctic populations and especially indigenous peoples (see 
Fig. 1.1 for locations of systematic health studies). The present 
report describes activities for maintaining and expanding 
current human population cohorts which are now ongoing 
in all eight Arctic countries, as well as in human cohorts in 
several European and southern hemisphere countries. These 
long-term prospective studies will provide the information 
needed to track adverse health outcomes associated with 
contaminants and changing conditions related to climate 
change, socio-cultural conditions, and diet. The health-related 
parts of the EU-funded FP7 project ArcRisk (Arctic Health 
Risks: Impacts on health in the Arctic and Europe owing to 
climate-induced changes in contaminant cycling, 2009–2014; 
www.arcrisk.eu), coordinated by the AMAP Secretariat, were 
based on a number of the ongoing cohorts in the Arctic, Europe 
and in the Mediterranean area. It provided a complementary 
approach to the assessment of hazard and risk in the Arctic 
situation. Uniform reporting of human levels of contaminants 
as well as health status indicators is planned to occur every 
three to five years, including trend information, broken down 
by age and gender, and should be provided by all circumpolar 
jurisdictions at appropriate regional levels. 

The following chapters report a detailed assessment of 
changes in contaminant concentrations in Arctic populations, 
additional results from a number of contaminant-effects 
studies, a comprehensive update on best practice for risk 
communication, information on adaptation strategies for small 
Arctic communities to the environmental impacts of climate 
change, and recommendations for future work.
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Figure 1.1 Location of recent and ongoing blood monitoring, temporal trend and human health cohort studies around the Arctic.
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2. Overview of ongoing cohort and dietary studies in the Arctic 

Lead author: Pál Weihe
Authors: Peter Bjerregaard, Eva Bonefeld-Jørgensen, Alexey Dudarev, Jónrit Halling, Solrunn Hansen, Gina Muckle, Therese 
Nøst, Jon Odland, Maria Skaalum Petersen, Arja Rautio, Anna Sofía Veyhe, Maria Wennberg, Ingvar Bergdahl

Co-authors: Pierre Ayotte, Célyne Bastien, Éric Dewailly, Philippe Grandjean, Joseph Jacobson, Sandra Jacobson, Manhai 
Long, Henning Pedersen, Pierrich Plusquellec, Dave Saint-Amour

Contributors: Olivier Boucher, Valery Chupakhin, Renée Dallaire, Audrey-Anne Ethier, Caroline Jacques, Ulrike Steuerwald, 
Gunnar Toft, Beatriz Valera

2.1 Introduction

This chapter gives an overview of the ongoing cohort and 
dietary studies underlying the assessment of population 
health in the Arctic. The description of each study begins 
with a table containing key information about the study, such 
as year established, sample size, and average exposure levels 
(i.e. concentration levels) for different contaminants in different 
matrices. The emphasis here is on a description of the material, 
methods and results or preliminary results for each study. 
Detailed exposure information is available in Chapter 3, while 
Chapter 4 describes the effects associated with contaminant 
exposure in the Arctic. 

The cohort descriptions have been arranged geographically, 
beginning in Norway and moving east to Finland, Sweden, 
Russia, and the other Arctic countries and ultimately to the 

Faroe Islands. No cohort studies have been reported for Alaska 
or Iceland; however, biomonitoring data for these areas are 
provided in Chapter 3.

2.2 Arctic cohort and dietary studies

2.2.1 The MISA study

The northern Norway mother-and-child contaminant cohort 
study – the MISA study – is a cross-sectional study with 
longitudinal aspects aimed at establishing a new northern 
Norway mother-and-child contaminant cohort study (see 
Table 2.1). The MISA database is considered suitable for exploring 
associations between contaminant exposure and diet, enhancing 
understanding of the interplay between physiological changes 
that occur in mothers and contaminant pharmacokinetics 

Table 2.1 Key details of the MISA Study.

Year Start year: 2007

Sample size 515

Follow-up None

Matrix Blood:

early pregnancy n=515

3 days postpartum n=458

6 weeks postpartum n=394

Urine:

early pregnancy n=509

3 days postpartum n=444

6 weeks postpartum n=392

Hair: n=459

Cord blood: n=413

Meconium: n=448

Analytes PCB99, PCB101, PCB118, PCB138, PCB163, PCB153, PCB156, PCB170, PCB180, PCB183, PCB187, PCB194

p,p’-DDE, HCB

trans-Nonachlor

cis-Nonachlor

As, Cd, Co, Hg, Pb, Cu, Mn, Mo, Se, Zn

PCB exposure level, median pg/g lipid PCB153 n=508 24.46

p,p’-DDE n=508 36.72

MeHg exposure level, median 
µg/L whole blood

Hg n=282 1.35
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(including transfer to the infant before and after birth), and 
conducting prospective health studies of the children. 

Recruitment for the MISA Study began in May 2007 and 
continued for the next 25 months (until June 2009). A total of 
515 eligible women were enrolled in early pregnancy, with 391 
completing the study protocol that included a self-administrated 
food frequency questionnaire (FFQ) and donation of biological 
samples for contaminant analysis in the second trimester of 
pregnancy, just after delivery, and six weeks postpartum. Daily 
dietary intake was converted to energy intake, and estimates 
were made of macro- and micronutrients ingested. Some of the 
MISA findings were compared to data available in the Medical 
Birth Registry of Norway (MBRN). Compared to all 2004–2006 
mothers in northern Norway, the MISA Study women were about 
two years older and smoked less. Parity, gestational age and birth 
weight of the newborn were comparable. The estimated average 
dietary intake of 8.1 MJ per day was less than that recommended 
by the Nordic Nutritional Recommendations (NNR), but the 
intake of micronutrients per MJ complied. 

Although the final MISA cohort sample size was less than 
targeted, the generally good comparisons observed between 
MBRN-registered information for the study cohort and 
dropouts suggest that this introduced minimal bias. Agreement 
between the demographic and clinical characteristics of the 
cohort women and newborns with all births in northern 
Norway implied acceptable external validity. The dietary 
findings also aligned well with Norwegian national data and 
guidelines and other studies, as did the high prevalence of 
breastfeeding (Veyhe et al. 2012).

Meconium was analyzed to establish whether it could be 
used to predict fetal exposure to organochlorines (OCs) and 
hydroxylated polychlorinated biphenyls (PCBs). A subset of 40 
meconium samples and complementary maternal serum were 
selected. Multivariate linear regression modelling confirmed 
that maternal serum was the most consistent predictor of 
meconium concentrations, adding gestational age and time 
of meconium sampling improved the models. Although more 
challenging to analyze, the lipid-adjusted OC concentration in 
meconium appears a sensitive and informative fetal exposure 
index when taking into account gestational age and its 
postpartum sampling time (Veyhe et al. 2013).

In a subset of 211 pregnant women, maternal blood 
concentrations of selected essential and toxic elements 
in the second trimester of pregnancy were compared with 
concentrations three days and six weeks postpartum. Ten 
selected elements (arsenic, As; cadmium, Cd; cobalt, Co; copper, 
Cu; lead, Pb; manganese, Mn; mercury, Hg; molybdenum, Mo; 
selenium, Se; zinc, Zn) featured three general but distinct 
concentration patterns across the three collection periods 
(see Fig. 2.1): a progressive increase, a V-shaped curve with a 
minimum at day three, and an inverted V-shaped curve with 
a maximum at day three (Hansen et al. 2011).

In a subset of 50 women, blood concentrations of common 
OCs in the second trimester of pregnancy were compared with 
concentrations three days and six weeks postpartum. Lipids and 
wet-weight OC levels both peaked at birth and were lowest at 
six weeks postpartum. However, this peak was no longer evident 
when the OC concentrations were lipid-adjusted. Wet-weight 

OC concentrations appear to be driven by the physiological 
lipid profiles and are interpreted to constitute biomarkers of 
lipidemia. This observation may have implications for the 
biomonitoring of individuals at risk of Type 2 diabetes. Both 
age and parity were strong predictors for the OCs measured, 
but no consistent association with body mass index (BMI) 
was evident. Independent of lipid-adjustment, all compounds 
were positively and significantly correlated with each other 
(within and across the three collection periods). The peak in 
OCs during pregnancy suggests that the period spanning the 
last weeks of the third trimester and the early postpartum days 
constitutes an optimum sampling window purely from the 
analytical perspective (Hansen et al. 2010). 

2.2.2 The Tromsø study 

Human exposure to both the legacy and newer persistent 
organic pollutants (POPs) has changed over past decades. 
Exposure routes have been largely dietary for the legacy POPs, 
while other routes have also been important for the newer POPs. 
The legacy POPs have often been observed to increase with age 
in cross-sectional studies and this association probably reflects 
birth-cohort differences in duration and intensity of exposure 
to these compounds. For the newer POPs, associations with 
age are not consistent. 

Figure 2.1 Contaminant concentrations in the MISA cohort mothers 
followed one of three patterns: a progressive increase (upper plot), a 
V-shaped curve (middle plot), and an inverted V-shaped curve (lower 
plot) (Hansen et al. 2011).
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The Tromsø Study (see Table 2.2) is a population-based health 
survey initiated in 1974 to investigate the reasons for high 
mortality due to cardiovascular disease in northern Norway. 
Six surveys have been undertaken since 1974 and the health 
research topics included have increased. A total of 40,051 
people have participated in at least one survey and 15,157 
have participated in three or more surveys. The Tromsø Study 
was also used to explore changes in POP concentrations from 
1979 to 2007 on an individual basis with a repeat measurement 
design. Serum samples were obtained from the freezer archive 
for 54 men who participated in all of the survey points: 1979, 
1986, 1994, 2001, and 2007. The archived serum samples 
were analyzed for PCBs, chlorinated pesticides, and per-and 
polyfluoroalkyl substances (PFASs).

Median summed concentrations of PCBs and OC pesticides 
decreased by 22% (1979–1986), 52% (1979–1994), 54% 
(1979–2001), and 68% (1979–2007) (Nøst et al. 2013). 
Concentrations of DDT and DDE decreased from 1979, whereas 
most PCBs decreased from 1986. The median summed PFAS 
burdens increased from 1979 to 2001 and then decreased 
from 2001 to 2007 (Nøst et al. 2014). The results indicate that 
concentrations followed calendar year trends rather than 
‘increasing with age’ per se and concentrations have followed birth 
year-dependent patterns over time. Furthermore, the composition 
of POPs in serum has changed over the almost 30-year period. 
Assessments of age, calendar year and birth cohort trends showed 
that calendar time was the dominant influence.

The concentrations and time trends of four PCBs were compared 
to predicted concentrations from a human exposure mechanistic 
model (Nøst et al. 2013). The predicted and measured 
concentrations, time trends and birth-year patterns were in good 
agreement and so inspire confidence in such models. 

The trends observed between 1979 and 2007 probably reflect 
overall trends in the use and emission of the different POPs, 
together with compound-specific persistency, bioaccumulation 
potential and long-range transport. Study design and population 
characteristics must also be considered in monitoring studies. 
The Tromsø Study has increased knowledge of intra-individual 
variation in POP concentrations with respect to time and 
exposure history, which is essential for understanding past 
exposure and predicting future exposure. The findings have 
important implications for future studies of exposure and 
vulnerable groups (Nøst et al. 2013).

2.2.3 Northern Finland 1966 Birth Cohort

Information is available on individuals born into the Northern 
Finland 1966 Birth Cohort in the provinces of Oulu and Lapland 
since the 24th gestational week as well as on their mothers and, to 
a lesser extent, fathers. A total of 12,058 live-born children were 
born into the cohort (around 96% of all eligible) and 11,665 were 
alive in 1997 (Table 2.3). Data were collected by questionnaire, 
from hospital records and various registers and databases (social 
benefits, medication reimbursement, hospital discharges and 

Table 2.2 Key details of the Tromsø Study.

Study type Longitudinal study

Year 1979, 1986–1987, 1994, 2001–2002, 2007–2008

Sample size 53

Matrix Serum

Analytes POPs (PCBs, organochlorine pesticides and PFASs)

PCB exposure level, median µg/g lipid PCB153: 0.36 (1979), 0.36 (1986–1987), 0.25 (1994), 0.24 (2001–2002), 0.17 (2007–2008)

DDE exposure level, median µg/g lipid p,p’-DDE: 1.10 (1979), 0.80 (1986–1987), 0.35 (1994), 0.32 (2001–2002), 0.21 (2007–2008)

Table 2.3 Key details of the northern Finland 1966 birth cohort study.

Year Start year: 1966

Sample size n=12,058

Follow-up At birth, age 1 and 14, 31 and 47 years (during pregnancy) 

Matrix Blood (contaminants at age 31 and 47 years)

Age 31 years: n=250 samples analyzed

Analytes As, Cd, Co, Hg, Pb, Cu, Mn, Mo, Se, Zn

Exposure level, median µg/L whole blood As n=250 0.46

Cd n=250 0.05

Cu n=250 858

Hg n=250 2.06

Mn n=250 6.40

Pb n=250 13.50

Se n=250 101

Zn n=250 4210
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deaths, community wealth), as well as by interview and clinical 
examination at birth, age 1 year and 14 years, and at age 31 years 
when a comprehensive follow-up was conducted on each subject’s 
well-being, social standing and health. In 1997, all members of the 
cohort that lived in the provinces of Oulu and Lapland (n=7191) 
or that had moved to the capital region (n=1272) completed a 
questionnaire and underwent a health examination. Those living 
in other parts of the country (n=2164) or abroad (n=695) were 
also sent the questionnaire. In total, 8676 people returned the 
questionnaire, making a response percentage of about 77%. About 
71% attended the health examination. Selected blood samples 
(n=250) from the 1997 sampling were analyzed for toxic and 
essential elements to establish levels in persons born and living 
for the last five years in the eastern and western part of Lapland. 

2.2.4  The Northern Sweden Health and 
Disease Study

The Northern Sweden Health and Disease Study (NSHDS) 
consists of three study cohorts in northern Sweden: the Northern 
Sweden MONICA study; the Västerbotten Intervention 
Program (VIP); and the Mammography Screening Program 
(MSP). See Table 2.4 for key details of the NSHDS.

The Northern Sweden MONICA Study was originally part 
of the multicenter WHO survey MONICA (Multinational 
Monitoring of Trends and Determinants in Cardiovascular 
Disease). In the northern Sweden MONICA Study, 2000 or 
2500 randomly selected participants aged 25–75 years (25–65 
years before 1994) have been invited to the health survey 
every fourth or fifth year since 1986. Seven surveys have been 
conducted to date and 11,800 individuals have participated, 
of whom 3500 have participated more than once. Participants 
undergo a medical examination focusing on risk factors for 
cardiovascular disease and complete an extensive questionnaire 
on lifestyle factors, including a food frequency questionnaire. 
Participants are asked to donate fasting blood samples to be 
stored in a biobank for future research. Urine samples were 

collected from a proportion of the participants in the surveys 
from 2009 and 2014.

The VIP began in 1985 and was designed after the MONICA 
Study. In addition to the health examination, questionnaires 
and collection of blood samples to the biobank, VIP includes an 
intervention in which participants are offered counseling regarding 
lifestyle modifications with a trained nurse. The inhabitants in the 
county Västerbotten are invited to the intervention the year they 
become 40, 50 and 60 years old (until 1994 also 30 years old). 
By March 2015, 98,300 individuals had participated with 36,100 
having participated more than once. No urine has been sampled.

The MSP was conducted between 1995 and 2006. Women 40–70 
years of age were invited to mammography screening and asked 
to donate blood samples to the biobank. Limited information 
on lifestyle factors was collected. In total, 28,800 women have 
participated with 14,600 having participated more than once.

The stored blood samples make prospective studies of 
environmental contaminants possible within the NSHDS.

Environmental contaminants have been analyzed in sub-groups 
of the Northern Sweden MONICA Study. Concentrations 
are available for Cd and Pb in blood for 1990–2014 and 
Hg for 1990–2009. In the latest survey from 2014 some 
organic pollutants were analyzed in urine (ten phthalates, 
Bisphenol A, Bisphenol F, hydroxypyrene, triclosan, pesticides, 
trichloropyridinol and 3-phenyoxybenzoic acid). Bisfenol A 
was also analyzed in urine in 2009. 

Various case-control studies concerning health effects of 
environmental pollutants have been conducted within the 
NSHDS. For example, those on Hg in relation to myocardial 
infarction and stroke; Cd, Pb and Hg in relation to kidney 
disease; Cd in relation to fractures; Cd and Pb in relation to 
B-cell malignancies; and data from NSHDS are included in 
international collaboration on POPs and various cancers. Case-
control studies concerning exposure to Cd and POPs and risk 
of diabetes is ongoing.

Table 2.4 Key details of the Northern Sweden Health and Disease Study.

Study type Cohort with blood samples stored in biobank

Years of sampling 1986–ongoing

Sample size 140,000 (about 5000 with analyses on one or more environmental contaminants)

Matrix Blood, urine

Analytes Cd, Pb, Hg, PCBs, DDE, HCB

Medians based on analyses of samples from sub-groups Blood Cd: men 0.14 µg/L; women 0.20 µg/L

Blood Pb: men 16 µg/L; women 12 µg/L

Blood Hg: men 0.91 µg/L; women 0.98 µg/L

Plasma PCB118: men 101 pg/ml; women 115 pg/ml

Plasma PCB138: men 536 pg/ml; women 503 pg/ml

Plasma PCB153: men 1075 pg/ml; women 937 pg/ml

Plasma PCB156: men 100 pg/ml; women 81 pg/ml

Plasma PCB170: men 375 pg/ml; women 303 pg/ml

Plasma PCB180: men 740 pg/ml; women 595 pg/ml

Plasma DDE: men 1438 pg/ml; women 1636 pg/ml

Plasma HCB: men 186 pg/ml; women 191 pg/ml
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There are plans to create an environmental contaminant cohort 
within the NSHDS. This will include individuals for whom 
analyses of metals and POPs have been carried out.

2.2.5 Chukotka dietary and exposure study

Data were collected in 2001–2003 in Chukotka (Russia) on PCB 
and DDT contamination (Table 2.5) of different local foods and 
indoor materials. Exposure of indigenous people was evaluated 
by comparing pollutant levels in foods with levels in human blood 

in people living in coastal and inland regions (Dudarev 2012; 
Dudarev et al. 2012a,b). Because DDT degrades to DDE, the ratio 
of p,p’-DDE to p,p’-DDT is commonly used in environmental 
epidemiology practice as a measure of the remoteness of DDT 
exposure events: the higher the score, the lower the concentration 
of the original DDT and the longer the exposure.

The DDE:DDT ratios in Chukotka fresh local foods vary widely. 
High ratios were found in whale meat (up to 16), seal meat (up 
to 27), and bearded seal fat (up to 65), which indicates little fresh 

Table 2.5 Key details of the Chukotka 2001–2003 cross-sectional study.

Study type Cross-sectional

Years of sampling 2001–2003

Sample size Coastal:

Men: n=24 (average age 35; range 19–68)

Women: n=26 (average age 38; range 21–68)

Pregnant women: n=68 (average age 26; range 15–41)

Inland:

Men: n=14 (average age 32; range 19–54)

Women: n=28 (average age 37; range 19–81)

Pregnant women: n=58 (average age 25; range 18–40)

Follow-up None

Matrix Human serum and whole blood

Analytes POPs, Hg, Pb

PCB153 exposure level, median µg/kg lipid Coastal:

Men: 948 (177–2645)

Women: 344 (65.6–1406.92)

Pregnant women: 261 (20.9–1393)

Inland:

Men: 139 (69.1–384)

Women: 78.4 (15.6–415)

Pregnant women: 36.8 (11.9–817)

Total Hg exposure level, µg/L whole blood, median Coastal:

Men: 10.9 (3.6–25.7)

Women: 7.6 (2.4–22.9)

Pregnant women: 1.3 (0.5–6.2)

Inland:

Men: 8.5 (0.5–15)

Women: 6.5 (1.0–28.6)

Pregnant women: 1.0 (0.5–7.7)

p,p’-DDE exposure levels, µg/kg plasma lipids, median Coastal:

Men: 694 (297–1633)

Women: 447 (90.7–1087)

Pregnant women: 478 (140–2148)

Inland:

Men: 814 (229–1628)

Women: 387 (64.1–1264)

Pregnant women: 334 (8.7–1642)
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contamination, while low DDE:DDT ratios were observed in 
walrus meat (up to 1.5) and fat (up to 8.5) and bearded seal 
meat (up to 6.2). As well as exposure, these widely varying 
ratios could reflect differences in nutritional habit (bearded 
seals and walrus feed on benthic invertebrates, whales feed on 
krill, and seals feed on fish), variability in DDT metabolism 
(still poorly studied) and DDE/DDT accumulation/elimination 
processes in these large marine animals with a thick layer of 
subcutaneous fat. Fish (migratory and freshwater), poultry and 
venison are characterized by low DDE:DDT ratios (1–5) which 
could indicate ‘fresh’ exposure. Extremely low DDE:DDT ratios 
in washouts and scrapes from the walls inside dwellings (0.4) 
are conclusively linked to the use of ‘fresh’ DDT as a household 
insecticide (Dudarev et al. 2012b).

Comparison of DDE:DDT ratios in the food and blood of 
aboriginal Chukotka people suggests that the higher ratios in 
marine mammals are responsible for the higher ratios in the 
blood of coastal natives, and the much lower ratios in reindeer 
meat, poultry and fish are responsible for the lower blood ratios 
for inland residents. 

Despite considerable variation, the indigenous coastal residents 
have a blood DDE:DDT ratio (18–19) that is almost double that 
of their inland neighbors (11–12), which indicates a substantial 
amount of relatively ‘fresh’ DDT contamination in the inland 
regions (10–15% vs 4–6% of 4,4DDT, respectively). This implies 
that marine food-chain DDT has a more ‘long-standing’ global 
origin than terrestrial food-chain DDT (Dudarev et al. 2012b).

Blood PCB congener ‘composition’ in indigenous coastal 
residents shows a low percentage of low-chlorinated and dioxin-
like PCB congeners and a large share (up to 60%) of ‘triad’ 
congeners (PCB128–PCB138–PCB153). Inland residents are 
characterized by a much higher proportion of low-chlorinated 

and dioxin-like congeners and a lower share of ‘triad’ congeners 
(35–38%). The composition of PCB congeners in the blood of 
inland residents differs from that of inland local foodstuffs, 
unlike the coastal residents whose blood PCB ‘formula’ is 
very similar to that of marine mammal tissues. There was no 
similarity between the PCB congener structure of household 
indoor materials (washouts and scrapes from the walls) and 
the blood of natives (Dudarev et al. 2012a).

2.2.6  Follow-up Chukotka coastal mother-
child study 2001–2007: exposure and 
infection disease study

Levels of persistent toxic substances (PTS) in blood from 17 
mothers and cord blood from the corresponding 17 babies born 
in the Chukotka coastal area in 2001–2002 were compared 
with PTS levels in blood sampled from the same women and 
their five-year old children in 2007 (see Table 2.6) with the 
aim of examining the influence of breastfeeding on maternal 
POPs serum levels and the link between children’s POPs blood 
levels and the frequency of infectious diseases (Dudarev et al. 
2010, 2011). 

Maternal blood levels of POPs decreased significantly during 
the five-year period (by 33–74%), blood Pb levels decreased by 
21%, and blood Hg levels remained the same. The infant blood 
serum levels of most POPs increased considerably over this 
period, while blood Pb levels were unchanged and Hg levels 
decreased by 31%.

Results showed that, during the five-year period, maternal PCB 
levels became similar to those observed in cord blood in 2001, 
and vice versa – infant PCB levels in 2007 became similar to 
maternal levels in 2001. The ratio of PCB congeners in blood 

Table 2.6 Key details of the follow-up Chukotka coastal mother-child 2001–2007 study.

Study type Follow up

Years of sampling 2001–2002 and 2007

Sample size 17 pregnant women / mothers (average age at delivery 25; range 15–33);

17 fetuses / children (newborns and 5-year olds)

Follow-up Yes

Matrix Human and cord blood and serum

Analytes POPs, Hg, Pb

PCB153 exposure levels, µg/kg plasma lipids, median Cord: 232 (33.3–1132)

Children: 378 (15.5–1165)

Pregnant women: 261 (40.4–1393)

Mothers: 174 (19.3–579)

Total Hg exposure levels, µg/L whole blood, median Cord: 1.7 (0.5–3.3)

Children: 1.0 (1.0–2.7)

Pregnant women: 2.0 (0.5–3.9)

Mothers: 1.8 (1.0–4.8)

p,p’-DDE exposure levels, µg/kg plasma lipids, median Cord: 543 (255–1882)

Children: 462 (79.0–1094)

Pregnant women: 537 (169–2148)

Mothers: 198 (58.6–517)
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of puerperia–mother and fetus–child in coastal Chukotka was 
unchanged five years after the first examination, which indicates 
that elimination/accumulation rates for the various congeners 
were effectively the same both in mothers and children. The 
average elimination half-life of PCB congeners PCB105–PCB187 
in maternal blood was 4–6 years, and for total PCB was 5.7 years.

The maternal DDT metabolite levels fell by 70% each, while the 
DDE:DDT ratio stayed at about 12, which could indicate ‘old’ 
sources of exposure. The infant DDE:DDT ratio increased by 
84%, from 10.6 to 19.5. 

On average, the medical files showed 4.8 infectious disease 
occurrences per child per year (range 0.9–9.6). For each individual 
child, there was no significant association between the annual 
number of infectious diseases (2001–2007) and POPs cord blood 
serum concentrations (2001). An interesting observation was that 
two children maximally exposed (to POPs and metals) got sick 
less often than others (Dudarev et al. 2010, 2011).

2.2.7  Chukotka birth cohort 2001–2003: 
exposure and reproductive effects

In 2001–2002 in Chukotka delivery departments, 126 
indigenous pregnant women (68 coastal and 58 inland) were 
interviewed and gave blood samples (Table 2.7). Births with 
adverse outcomes were observed in almost every fourth woman 
(23%): premature births (22 cases) partially accompanied by 
low birth weight (13 cases), stillbirths (3 cases), and congenital 
malformations (3 cases – a heart defect and two multiple 
defects, one stillborn).

Negative (but insignificant) associations were found between 
high POPs levels and premature births and low birth weight. 
No associations were found for metals. Average POPs blood 
levels among mothers with preterm births were lower than 
those with a normal length of gestation: PCBs by 13–16%, 
hexachlorocyclohexane (HCH) by 14%, oxychlordane by 43%, 
ΣDDT by 11%, and Mirex by 33%.

Maternal POPs blood levels were higher in cases of stillbirth: 
for ΣPCBs by 27%, 4,4DDE by 84%, 4,4DDT by 304%, ΣDDT by 

94%, and hexachlorobenzene (HCB) by 20%, but the differences 
were not statistically significant. 

Maternal POPs blood levels were also higher in cases of 
congenital malformation: for ΣPCB by 156%, DDT metabolites 
by 38–54%, HCB by 119%, ΣHCH by 95%, and oxychlordane 
by 575%. These associations were statistically significant for 
oxychlordane (р=0.04) and HCB (р=0.02) only. 

In terms of POPs and the sex ratio of newborns (70 boys and 
56 girls), women with higher exposure to PCBs and other 
POPs gave birth to girls more often than boys. On average, 
PCB blood levels among mothers of boys were 13–30% lower 
than for mothers of girls, and for other POPs 18–44% lower. The 
differences were statistically significant for ΣHCH (p=0.033) 
and 4,4 DDT (p=0.042). Average levels of metals in the blood 
of mothers having boys and mothers having girls were similar.

Higher POPs blood levels were noted among women with 
earlier menarche, shortened menstrual cycle and prolonged 
bleeding (Dudarev and Chupakhin 2014).

2.2.8  Kola Lapland 2001–2006: POPs and 
diabetes mellitus

In 2006, and under the framework of the International Barents 
Secretariat project ‘Revealing the hidden diabetes mellitus in 
Lovozero district of Murmansk Oblast’, 4359 residents of Kola 
Lapland in Murmansk Oblast were interviewed and had their 
blood glucose levels analyzed (2736 rural and 1623 urban, 
including Sami – 694, Komi – 910, Nenets – 80). This showed 
that risk of Type 2 diabetes (overweight/obesity, enhanced blood 
pressure, sedentary lifestyle, malnutrition, alcohol abuse) was 
3- to 7-fold lower in indigenous residents than non-indigenous 
residents. Signs of diabetes were absent among Sami people of 
the remote villages. Elevated blood glucose levels were found 
mainly in large settlements. Indigenous residents in remote 
villages demonstrate minimum risk for diabetes mellitus and 
this may be related to their traditional diet based on local foods, 
a physically active lifestyle, and minimal consumption of high 
carbohydrate foods. 

Table 2.7 Key details of the Chukotka birth cohort 2001–2003 study.

Study type Cross-sectional

Years of sampling 2001–2003

Sample size 126 

Coastal pregnant women: n=68 (average age 26, range 15–41)

Inland pregnant women: n=58 (average age 25, range 18–40)

Follow-up None

Matrix Human blood and serum

Analytes POPs, Hg, Pb

PCB153 exposure levels, µg/kg plasma lipids, median Coastal: 262 (20.9–1393)

Inland: 36.8 (11.9–817)

Total Hg exposure levels, µg/L whole blood, median Coastal: 1.3 (0.5–6.2)

Inland: 1.0 (0.5–7.7)

p,p’-DDE exposure levels, µg/kg plasma lipids, median Coastal: 478 (140–2148)

Inland: 334 (8.7–1642)
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Data collected as part of the Russian Arctic PTS study (2001–
2003) on blood POPs levels in indigenous residents of Kola 
Lapland (83 residents had blood sampled for PTS analyses) 
gave an opportunity to compare the results of both projects. 

A comparison of diabetic status and POPs exposure showed 
that overweight/obesity, high blood glucose and Type 2 diabetes 
diagnoses were associated with higher blood levels of POPs 
(ΣPCB, DDTs, ΣHCH, HCB), although this was not statistically 
significant (Dudarev et al. 2012c). Key details of the Kola 
Lapland 2001–2006 study are shown in Table 2.8.

2.2.9 Nunavik Child Development Study

The Nunavik Child Development Study (NCDS), is a prospective 
mother-child cohort study taking place in Nunavik (Arctic 
Quebec), Canada (see Table 2.9). It was designed to extend 
previous findings on the effects of OCs, Hg and Pb on child health 
and development by following up a sample of mother-child 
dyads that were found to be prenatally and postnatally exposed 

to high levels of POPs and heavy metals. The primary objective 
of the NCDS was to document the growth, neurobehavioral 
and cardiac effects of pre- and postnatal exposure to OCs with 
endocrine-related disruptive properties, as well as to Hg and 
Pb. A secondary aim was to test whether nutritional variables 
(e.g. prenatal polyunsaturated fatty acid intake, breastfeeding, 
and childhood vitamin deficiency) mediate and/or mitigate 
the effects of environmental contaminants on health and 
development. The NCDS was made possible by the Nunavik 
Cord Blood Monitoring Program, through which exposure to 
environmental contaminants was determined from umbilical 
cord blood samples obtained from almost all Nunavik infants 
born between 1994 and 2001 (Dallaire et al. 2003; Muckle et al. 
1998). Between November 1995 and March 2001, pregnant Inuit 
women from the three largest communities of the Hudson Bay 
coast were invited to participate in a first follow-up (Muckle 
et al. 2001), which allowed the testing of 190 infants at 6 and 
12 months of age. Between 1999 and 2001, 110 preschool aged 
children that had not participated in the follow-up during 
infancy underwent neuromotor and neurophysiological testing 

Table 2.8 Key details of the Kola Lapland 2001–2006 study.

Study type Cross-sectional

Years of sampling 2001 and 2006

Sample size 83 persons 

Lovozero

men: n=4 (average age 55; range 45–77)

women: n=47 (average age 44; range 18–78)

Krasnoschelje

men: n=15 (average age 41; range 18–57)

women: n=17 (average age 47; range 26–76)

Follow-up None

Matrix Human blood

Analytes POPs, Hg, Pb

PCB153 exposure levels, µg/kg plasma lipids, median Lovozero 

men: 744 (501–1003)

women: 186 (23.2–1767)

Krasnoschelje 

men: 199 (43.9–585)

women: 128 (32.9–338)

Total Hg exposure levels, µg/L whole blood, median Lovozero 

men: 5.5 (3.0–11.8)

women: 3.6 (1.0–8.2)

Krasnoschelje 

men: 7.0 (0.5–22.1)

women: 5.5 (1.3–29.2)

p,p’-DDE exposure levels, µg/kg plasma lipids, median Lovozero 

men: 1701 (1579–8820)

women: 985 (68.2–15614)

Krasnoschelje 

men: 621 (94.2–1614)

women: 919 (65.1–3135)
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(Després et al. 2005; Saint-Amour et al. 2006). Between 2005 and 
2010, 294 eleven-year-old children were tested, whether or not 
they had been assessed during the infancy or preschool periods. 
The cohort is currently being followed-up at adolescence 
(2013–2016). 

Mothers that had volunteered to provide cord blood samples 
at the birth of their child under the Cord Blood Monitoring 
Program were contacted by phone, provided with information 
about the study protocol, and invited to participate with 
their children in the NCDS. Inclusion criteria were children 
of 8.5–14.5 years in age, a birth weight of 2.5 kg or above, 
a gestation duration of 35 weeks or more and the absence 
of either birth defects, neurological or health problems, or 
pervasive developmental disorders. Over a five-year period 
(September 2005 to February 2010), 294 children and their 
mothers participated in neurocognitive assessments in the 
three largest villages in Nunavik. Participants residing in other 
communities were flown by plane to one of the three villages 
selected for testing. Children were assessed to establish physical 
growth, vision, intellectual function and cognitive development, 
behavioral development, and heart rate and blood pressure. 
A maternal interview was conducted to provide information 
on demographic background, lifestyle during pregnancy, and 
family environment. Cord blood samples collected at birth 
and child blood samples collected at the time of testing were 
analyzed for chlorinated pesticides, PCBs, Hg, Pb and total 
plasma lipids. Many potentially confounding variables and 
effect modifiers were assessed through blood biomarkers, 
medical files and maternal self-reporting. 

2.2.10 Inuit Adult Cohorts: Canada

The Nunavik Health Survey Qanuippitaa was conducted 
between 30 August and 1 October 2004 on the scientific 
research vessel CCGS Amundsen. The research group visited 
the 14 communities of Nunavik (www.qanuippitaa.com) and 
recruited 917 participants. Samples were analyzed for POPs 
that had also been determined during the 1992 Santé Québec 
Health Survey. Plasma concentrations of new halogenated 
hydrocarbons such as PBDEs, PFOS, hydroxy-PCBs, methyl-
sulfone PCBs and chlorophenols were also determined. 

The Inuit Health Survey (2007–2009) was a comprehensive 
study that included the measurement of dietary intake of 

contaminants, contaminant body burden, as well as other 
determinants of health and their relationship with health 
outcomes of the participants. It was the first time that such 
a complete set of data had been collected from Inuit in 
Nunavut, the Inuvialuit Settlement Region, and Nunatsiavut. 
The study was the result of the integrated efforts of Inuit, Inuit 
Organizations, the Departments of Health of the Territorial 
and regional Inuit governments, and scientists from a variety 
of different disciplines. Of the 2595 individuals participating 
in the Inuit Health Survey, 2172 provided blood samples. The 
body burden of several metals (e.g. Cd, Pb) and POPs (e.g. PCBs, 
DDT, DDE, toxaphene, chlordane, PBDEs) were measured for 
Inuit participants (n=2172) from 36 communities in Nunavut, 
Nunatsiavut, and the Inuvialuit Settlement Region, in Canada 
(Smith et al. 2009; Chateau-Degat et al. 2010a,b,c, 2011a,b; 
Lucas et al. 2010a,b; Medehouenou et al. 2010; Ayotte et al. 
2011; Valera et al. 2011a,b; Kellett et al. 2012; Labonte et al. 
2012, 2014; Messier et al. 2012; Noel et al. 2012; Alkazemi et al. 
2013; Laird et al. 2013a; Paunescu et al. 2013a; Rudkowska et al. 
2013; Proust et al. 2014). The Greenland part of the circumpolar 
cohort is described in Sect. 2.2.16.

2.2.11 INUENDO 

The INUENDO project: ‘Biopersistent organochlorines in 
diet and human fertility. Epidemiological studies of time-to-
pregnancy and semen quality in Inuit and European populations’ 
was supported by the European Union Fifth Framework (FP5) 
program (Bonde et al. 2008). The cohort was established in 
2002–2004 and involved about 1400 pregnant women from 
Greenland, Poland and Ukraine (Table 2.10 covers Greenlandic 
participants only), as well as studies on about 600 fertile couples 
from Sweden (fishermen and their wives). 

The study included measurement of PCB153 and p,p’-DDE and 
bioeffect markers of serum legacy POP-induced estrogen- and 
androgen-receptor transactivity and epidemiological cross-
sectional studies on male and female reproductive health on 
these individuals in relation to the measured exposures. 

The associations between previous exposure to PCB153 and 
p,p’-DDE and fetal loss were studied in this cohort. The risk 
of ever experiencing a fetal loss increased at higher levels of 
PCB153 and p,p’-DDE exposure although the results were 
inconsistent between countries (Toft et al. 2010).

Table 2.9 Key details of the Nunavik Child Development study.

Study type Prospective cohort study

Year Birth years: 1994–2001

Follow-up at 11 years old: 2005–2010

Sample size 294 11 year-old children

Follow-up 6 and 12 months, 5 and 11 years

Matrix Cord blood/maternal blood/child blood/child hair

Analytes POPs, Hg, Pb, Se, PUFAs

PCB exposure level, median (µg/kg lipid) Cord blood PCB153: 93.6 µg/kg lipid 

Child blood PCB153: 45.9 µg/kg lipid

MeHg exposure level, median (µg/L) Cord blood Hg: 16.6 µg/L

Child  blood Hg: 3.0 µg/L
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The association between fetal exposure to PCB153 and 
p,p’-DDE and birth weight and gestational age was also 
evaluated, indicating lower birth weight and shorter gestational 
age at higher POP exposure (Wojtyniak et al. 2010). These 
results were included in a large European meta-analysis of birth 
weight in relation to PCB and DDE exposure confirming the 
negative association between PCB exposure and birth weight 
(Govarts et al. 2012). However, it has been questioned whether 
the results could have been biased by maternal weight gain 
during pregnancy (Verner et al. 2013). 

2.2.12 CLEAR

The CLEAR project: Climate Change, Environmental 
Contaminants and Reproductive health was supported by the EU’s 
Seventh Framework Programme for Research (FP7) (Table 2.11). 
In addition to modelling the effects of climate change on long-
range transport of contaminants, the project includes a series of 
cross-sectional studies on male and female reproductive health 
combined with a follow-up study on childhood growth and 
development at 6–9 years of age in a cohort of about 1400 mothers, 
fathers and offspring from Greenland, Poland and Ukraine. The 
original INUENDO cohort was established in 2002–2004 and the 
CLEAR follow-up on the children was undertaken in 2009–2012.

In addition to PCB153 and p,p’-DDE, serum or full blood 
were analyzed for HCB, six PBDEs, one PBB, six phthalate 
metabolites, eight PFCs, bisphenol A, cotinine, Pb, Cd, and 
Hg (Lindh et al. 2012; Lenters et al. 2013). The contaminant 
distribution varied widely between countries with the highest 
level generally found in Greenland.

2.2.13 IVAAQ

The Greenland Child Cohort IVAAQ recruited 403 mothers 
and newborn children in West Greenland during 1999–2005 
(Table 2.12). Several follow-up studies have since been carried 
out. The IVAAQ study has a strong focus on contaminant 
exposure but information about lifestyle factors such as diet, 
physical activity, smoking and alcohol are also part of the study.

2.2.14 ACCEPT 

The aim and perspectives of the ongoing ACCEPT project – 
Adaptation to Climate Change, Environmental Pollution, and 
Dietary Transition – are to establish a geographical Greenlandic 
mother-child cohort (Table 2.13; Long et al. 2015). The overall 
aim was to obtain a cohort compatible with international 
and especially other circumpolar child cohorts. ACCEPT 

Table 2.10 Key details of the INUENDO study.

Study type Cross-sectional

Year 2002–2004

Sample size Men: n= 438 (average age 31; range 18–72)

Pregnant women: n=572 (average age 27; range 18–42)

Matrix POPs in µg/kg plasma lipid, metals in µg/L whole blood

Analytes p,p’-DDE, PCB153, HCB, Hg, Pb, Cd, PFOS, PFOA

PCB exposure level, median (µg/kg lipid) Men: 209 (5.1–5455)

Women: 107 (2.6–2223)

MeHg exposure level, median (µg/L) Men: 8.7 (0.2–386)

Women: 4.8 (0.4–51.6)

DDE levels, median (µg/kg lipid) Men: 523 (4.4–13197)

Women: 280 (5.3–3122)

Table 2.11 Key details of the CLEAR study.

Study type Cross sectional/follow up

Year 2002–2004 baseline (INUENDO) and 2009–2012 follow up

Sample size 440 men and 575 pregnant women, 531 children at follow-up 

Follow-up 6–9 year-old children

Matrix Maternal and paternal serum and full blood; offspring buccal swabs

Analytes PCB, DDE, PFAS, PBDEs, phthalates, bisphenol A, Hg, Pb, Cd

PCB exposure level, geometric mean (range) µg/kg lipid Men: 209 (5.1–5455)

Women: 107 (2.6–2223)

Hg exposure level, geometric mean (range) µg/L Men: 8.7 (0.2–386)

Women: 4.8 (0.4–51.6)

DDE levels, geometric mean (range) µg/kg lipid Men: 523 (4.4–13197)

Women: 280 (5.3–3122)
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will explore possible health outcomes of lifestyle and dietary 
changes during a period of rapid global change, particularly 
climate change.  Being a part the FETOTOX  (http://fetotox.
au.dk) international network of mother-child cohort studies 
(Norway - the MISA study, Denmark, and Shanghai, China) 
carried out with similar protocols, ACCEPT will compare 
contaminant related health effects between populations in 
several countries with regard to differences in exposure patterns, 
genetics, and lifestyle factors.

The ACCEPT study has established a prospective mother-
child cohort designed to determine exposure to environmental 
contaminants during pregnancy and the development of the 
fetus and child as well as health effects later in life in the 
Greenlandic population. ACCEPT is being undertaken in 
cooperation with the Greenlandic health care system and the 
Institute of Nurse and Health Sciences at the University of 
Greenland, Nuuk. ACCEPT represents a formal and ongoing 
information service on environmental health issues for local 
communities in Greenland (health professionals as well as the 
general population). The ACCEPT study protocol includes 
the enrollment of women in early pregnancy (before the 
end of gestation week 13). A questionnaire on lifestyle and 
food frequency is administered by midwives, and women 
donate biological samples for a biobank, as well as blood 
samples for determining contaminant levels and several effect 
biomarkers in the first trimester and cord blood, and some 
breast milk before day 6 postpartum. Data on the newborn 
child are obtained from a perinatal journal maintained by 
the visiting nurse. The children will be followed up on skills 
at year 3–4 by telephone interview. The ACCEPT database is 

considered suitable for exploring associations between POP 
exposure and diet, providing information on contaminant 
pharmacokinetics (including maternal transfer to the infant 
before and after birth), and for prospective child health studies. 
Recruitment occurred between August 2010 and August 2011 
and 192 pregnant women were enrolled. Unforeseen problems 
prevented recruitment between summer 2011 and summer 
2013. Another 395 pregnant women were enrolled during the 
last six months of 2013, 2014 and 2015 increasing the cohort 
to include 587 mother-child pairs.

In total 587 pregnant women are enrolled in the ACCEPT 
cohort: North (Qaanaaq, Upernavik, Uummannaq) 13; Disko 
Bay (Ilulissat, Aasiaat, Qeqertarsuaq, Qasigiannguit) 88; West 
(Sisimiut, Maniitsoq, Nuuk, Paamiut) 455; South (Qaqortoq, 
Nanortalik, Narsaq) 10; East (Tasiilaq, Ittoqqortoormiit) 21. The 
first data from the 192 pregnant women sampled in 2010–2011 
on maternal serum POP levels have been published (Long et 
al. 2015). A trend of higher intake of marine mammals in the 
eastern and northern regions was reflected by a higher n-3:n-6 
fatty acid ratio. Participants in the eastern region also tended to 
have a higher intake of terrestrial species. A higher percentage 
intake of seabird species was seen for pregnant women in the 
western region. Compared to earlier reports, decreased levels of 
legacy POPs, Hg and Pb and perfluorooctane sulfonate (PFOS) and 
perfluorooctanoic acid (PFOA) were observed, but the levels of 
PFAS congeners perfluorohexane sulfonate and perfluorononanoic 
acid remained similar to those reported previously.

A sub-study on lifestyle, reproductive factors and food intake 
for the same pregnant women sampled in 2010–2011 showed 

Table 2.13 Key details of the ACCEPT project.

Study type Longitudinal study

Year 2010–2015

Sample size Total 587; 192 sampled 2010-2011, 395 sampled 2013-2015

Follow up 52 children at age 3-4 years followed by questionnaires to the mothers 
concerning skills and health

Matrix Blood, hair, (n=586), some maternal milk

Analytes POPs, PFAS, PBDEs, Hg, Se 

PCB153 exposure level, median (µg/kg lipid) 57 

Hg exposure level, median (µg/L) 4.23

DDE levels, median (µg/kg lipid) 130

Table 2.12 Key details of the IVAAQ study.

Study type Longitudinal study

Year 1999-2005

Sample size 403

Follow-up 6–10 years of age

Matrix Maternal blood, cord blood, hair

Analytes POPs, MeHg

PCB153 exposure level, median (µg/kg lipid) 100

MeHg exposure level, median (µg/L) 4.3

DDE exposure level, median (µg/kg/lipid) 237
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a relatively higher BMI and high smoking frequency; age and 
regional differences were found for alcohol consumption, 
breastfeeding plans and food intake profile (Knudsen et al. 2015).  

2.2.15  Follow-up of children from the IVAAQ 
and CLEAR cohorts in Greenland

In 2010, 223 children from the IVAAQ cohort (see 
Sect. 2.2.13) were followed up for the presence of otitis media 
by otoscopy, tympanometry and review of hospital records. 
The hypothesis of a positive association between maternal 
POP concentrations in pregnancy and increased prevalence 
of chronic otitis media in children aged 4 to 10 years was 
not confirmed in this study (Jensen et al. 2013). Thus, these 
results contrast with the results obtained for otitis media in 
the study by Dewailly and Dallaire. 

In 2012, 311 children from the IVAAQ (n=198) and CLEAR 
(n=113) cohorts (Sects. 2.2.11 and 2.2.12) were followed up 
to assess the growth pattern and health (assessed by contact 
with the health care system) among children aged 6–10 years. 
Children aged 0–18 months had higher weight and height 
than the reference populations. The study concluded that 
growth among Greenlandic children older than 18 months 
corresponded with growth reference curves from Sweden but 
did not match those from Japan or WHO data (www.who.
int/childgrowth/en). On average, the Greenlandic children 
had 40 contacts with the health care system during a period 
of 6 to 10 years. They were hospitalized more often than 
Danish children, but had fewer contacts with the primary 
sector (Sørensen 2013).

A total of 409 children now aged 7–9 years were invited to a 
follow-up in 2013–2014 to test the hypothesis that exposure to 
POPs may negatively affect the immune response to vaccines 
(diphtheria, tetanus). 

2.2.16  The Greenland Population Health 
Studies

Cross-sectional countrywide studies of the adult indigenous 
population in Greenland have been undertaken three times 
since the early 1990s: 1993–1994, 1999–2001 and 2005–2010 
(Table 2.14). The data were obtained by questionnaire and for 
most participants also by clinical examination and sampling 
of biological media. The main themes of the studies were 
general health and living conditions, mental health, substance 
abuse including smoking, diet, physical activity, diabetes and 
cardiovascular disease. All studies included dietary information 
and some data on contaminants (Table 2.15).

In 2014, all 6008 participants were followed up in disease 
registers (mortality registry, cancer registry and registry of 
hospital discharges) and 2102 participants was re-examined. In 
a subsample of these participants (n=547), blood samples were 
drawn and analyzed for Hg and selected POPs. The numbers 
in Tables 2.14 and 2.15 relate to only those participants in the 
previous surveys for which blood samples are available. 

A food frequency questionnaire with portion sizes was used to 
create dietary pattern groups (Bjerregaard and Jeppesen 2010). 
The questionnaire was validated against blood Hg and it was 
shown that frequency of meals of marine mammals showed 
similar associations with blood Hg as did calculated intake in 
grams (Jeppesen et al. 2012). The dietary pattern ‘Traditional 
food’ was positively associated with Type 2 diabetes (Jeppesen 
et al. 2013). Results from the three population health surveys 
demonstrated a decreasing trend for PCBs and pesticide 
levels in blood (Bjerregaard et al. 2013). Neither Hg nor POPs 
showed any association with blood pressure in Greenlandic 
Inuit (Nielsen et al. 2012; Valera et al. 2013c).

Table 2.14 Key details of the Greenland Population Health studies.

Study type Cross sectional and longitudinal studies

Year 1993–2010

Sample size 4398

Follow-up 25+

Matrix Blood

Analytes POPs, MeHg

PCB153 exposure level, median (µg/kg lipid) 724 (1993–1994), 770 (1999–2001), 620 (2005–2010)

MeHg exposure level, median (µg/L) 31.8 (1993–1994), 16.4 (2005–2010)

DDE levels, median (µg/kg lipid) 1633 (1993–1994), 1500 (1999–2001), 1300 (2005–2010)

Table 2.15 Three population health surveys in Greenland.

Year n n with blood samples Contaminants included in survey (n) Geographical coverage of contaminant data

1993–1994 1728 264 14 PCB congeners and 11 pesticides (225) 
and mercury (211)

West Greenland

1999–2001 2001 1314 14 PCB congeners and 11 pesticides (692) West Greenland

2005–2010 2958 2820 14 PCB congeners and 11 pesticides (1725) 
and mercury (2814)

Nationwide
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2.2.17 Birth Cohort 1 in the Faroe Islands

A cohort of 1022 singleton births was assembled in the Faroe 
Islands during a 21-month period in 1986 and 1987 (Grandjean 
et al. 1992) (Table 2.16). Frequent whale meat dinners during 
pregnancy, frequent consumption of fish (to a much lesser 
degree) and increased parity or age are associated with high 
Hg concentrations in cord blood and maternal hair. Mercury 
concentrations in cord blood correlated moderately with 
blood-selenium. Lead concentrations in cord blood were low 
(median, 82 nmol/L). Because the effects of fetal childhood 
exposure to MeHg are persistent, detailed examination of 
children with prenatal exposure to this neurotoxicant were 
performed at age 7 years (1993–1994). A total of 917 of the 
children (90.3%) completed the examinations. Past medical 
history, current health status and social factors were recorded 
on a self-administered form. The physical examination included 
a functional neurological examination with emphasis on motor 
coordination and perceptual-motor performance. The main 
emphasis was placed on detailed neurophysiological and 
neuropsychological tests that had been selected on the basis 
of a range of considerations (Grandjean et al. 1997, 2012d). 
A follow-up examination was performed using the same test 
methods when the cohort members were 14 and 22 years of 
age. Cohort 1 is currently undergoing a follow-up at the age 
of 27 years, with special emphasis on how glucose metabolism 
and immune response are associated with environmental 
contaminants. The neurobehavioral effects found in Cohort 1 
at age 7, 14 and 22 years are described in Chapter 4. 

2.2.18 Birth Cohort 2 in the Faroe Islands

The findings from Birth Cohort 1 (see Sect. 2.2.17) suggested 
that exposure assessment should encompass several lipophilic 
pollutants in addition to MeHg. As a follow-up, Cohort 2 was 
therefore established during a 12-month period in 1994–1995 
and included 182 singleton term births from consecutive births 
at the National Hospital in Tórshavn, Faroe Islands (Table 2.17). 
Relevant obstetric data were obtained by standardized 
procedures and supplemented by a brief nutrition questionnaire. 
The geometric mean (GM) for MeHg was 20.96 µg/L in 
cord blood and 4.13 µg/g in maternal hair. The maximum 
maternal hair-Hg concentration was 16.31 µg/g. The GM for 
maternal serum PCB was 1126 µg/kg lipid with a maximum 
of 18,446 μg/kg lipid. The children were first examined by the 
Neurological Optimality Score (NOS) at age two weeks (adjusted 
for gestational age). Subsequent examinations occurred at age 
18 months and then at 12-month intervals to age 66 months. 
At 42 months, a comprehensive medical examination with the 
NOS was included (Steuerwald et al. 2000). For comparison 
with Cohort 1, detailed neurobehavioral tests were carried 
out at age 7 years. A repeat examination was undertaken at age 
10 years. The complete profile of neurobehavioral development 
has been analyzed and the study suggests that prenatal MeHg 
exposure may have an adverse effect on Visual Evoked Potential 
(VEP) findings despite the absence of clinical toxicity to the 
visual system. However, this association was apparent only 
after adjustment for n-3 PUFA status (Yorifuji et al. 2013). 
This cohort also participated in a study of serum antibody 
concentrations as a measure of the effects of routine childhood 
immunizations, showing that increased perinatal exposure to 
PCBs may adversely impact on immune responses to childhood 

Table 2.17 Key details of Birth Cohort 2 in the Faroe Islands.

Study type Longitudinal study

Year 1994–1995

Sample size 182

Follow-up 2 weeks, 7, 18, 30, 42, 60, 66, 90, 120 months

Matrix Maternal blood and milk, cord blood, child blood, hair

Analytes POPs, MeHg, Se

Maternal PCB exposure level, geometric mean (µg/kg lipid) 1126 (440–18,446)

MeHg exposure level in cord blood, geometric mean (µg/L) 21.0 (1.9–102)

Maternal DDE levels, geometric mean (µg/kg lipid) 725 (201–8038)

Table 2.16 Key details of Birth Cohort 1 in the Faroe Islands.

Study type Longitudinal study

Year 1986–1987

Sample size 1022

Follow-up 7, 14, 22 and 28 years

Matrix Cord blood and tissue, child blood, hair, semen (n=240)

Analytes POPs, MeHg, Se, PFC

Cord blood PCB exposure level, geometric mean (µg/kg lipid)  604 (17–5606)

MeHg exposure level in cord blood, geometric mean (µg/L) 22.3 (0.9–351)

DDE level, geometric mean (µg/kg lipid)  270 (4.2–4487)
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vaccinations (Heilmann et al. 2006). The clinical implications 
of insufficient antibody production emphasize the need for 
prevention of immunotoxicant exposures.

2.2.19 Birth Cohort 3 in the Faroe Islands

New insight into health risks caused by environmental 
pollutants and changing exposure patterns in the Faroes led 
to the formation of Cohort 3 from 656 consecutive births 
in Tórshavn between November 1997 and March 2000 
(Table 2.18). Following dietary recommendations from 
the Faroese health authorities, MeHg exposure had now 
decreased thus allowing better characterization of possible 
effects of PCBs and other persistent contaminants. Additional 
attention was turned to the perfluorinated compounds 
(PFCs), as they have been documented as contaminants of 
marine food chains with possible toxicity to the immune 
system. Cohort 3 is similar to the two previously generated 
cohorts in that serum was collected from the mother at the 
last antenatal examination (34th week of pregnancy). Other 
samples collected from the mother-child pairs include cord 
blood and serum, maternal hair at parturition, and milk on 
days 3–5 (before mother and child were discharged) and at 
two weeks. Nutritional habits were recorded by questionnaire. 
A subgroup of cohort children was examined with regard to 
immunological parameters at ages 11 and 18 months. The 
first comprehensive medical examination was carried out just 
before the booster vaccination at age 5 years, with a follow-
up blood sample one month after vaccination. The children 
were examined again at age 7 years, with a main focus on 
immunological parameters such as formation of antibodies 
and allergic response (Heilmann et al. 2010). The conclusion of 
this study was that developmental PCB exposure is associated 
with immunotoxic effects on serum concentrations of specific 
antibodies against diphtheria and tetanus vaccinations. The 
immune system development during the first years of life 
appears to be particularly vulnerable to this exposure. Elevated 
exposures to PFCs were associated with reduced humoral 
immune response to routine childhood immunizations in 
children aged 5 and 7 years. (Grandjean et al. 2012a). A 
follow-up study at 13 years was undertaken with 533 (86.7%) 
participating (255 females and 278 males). This follow-up 
study aimed (i) to describe the most vulnerable age to effects 
of immunotoxicant exposure on antibody responses to 
vaccines and further to detect whether these effects continue 
into adolescence; (ii) to investigate whether early postnatal 

or cumulative exposure to immunotoxicants affect the 
occurrence during childhood of allergic diseases and raised 
serum IgE concentrations; (iii) to determine whether blood 
lymphocyte populations and cytokine production elicited by 
a toxoid challenge are affected by immunotoxicant exposures; 
and (iv) to describe which environmental immunotoxicants 
are responsible for these effects, and at which exposure levels. 
The follow-up study also encompassed a thorough clinical 
examination. The main focus was on development of allergic 
disease, using International Study of Asthma and Allergies 
in Childhood (ISAAC) criteria. A questionnaire similar to 
previous examinations was used and included the child’s 
current health, diet and past medical history with emphasis 
on infectious and allergic disease, as well as family history 
for asthma, chronic bronchitis, atopic dermatitis, allergic 
eczema and rhinitis/pollinosis. Blood samples were obtained 
for measurements of antibodies and exposure biomarkers. 
Skin prick tests were also used to detect allergic reactions. 

2.2.20 Birth Cohort 5 in the Faroe Islands

The most recent of the Faroe Islands’ cohort studies began 
during an 18-month period between October 2007 and April 
2009 (Table 2.19). The total number of mother-child pairs 
was 501 (70% of the eligible population). Blood was taken 
from the cord, and blood, hair, and milk were obtained from 
the mother. The analytical results show Hg exposure to have 
declined substantially, with the GM being 4.8 μg/L cord 
blood and 0.71 μg/g hair. The maximum maternal hair-Hg 
concentration was 6.3 μg/g. Organochlorine exposure has also 
begun to decline. The GM for serum-PCB was 420 μg/kg lipid, 
with a maximum of 2965 μg/kg. In connection with the birth 
cohort formation, detailed data were obtained about time-to-
pregnancy and obstetric parameters. In addition, 281 fathers 
participated in an examination of sperm quality along with a 
blood sample for OC analysis. Both grandmothers were invited 
to complete a dietary questionnaire and provide blood for OC 
analyses – as a possible reflection of prenatal exposure of the 
birth cohort parents. A total of 343 maternal and 206 paternal 
grandmothers participated. The children were examined at age 
18 months. Follow-up includes a questionnaire at 42 months 
and a clinical examination at 5 years of age, with emphasis on 
immunological parameters.

Table 2.18 Key details of Birth Cohort 3 in the Faroe Islands.

Study type Longitudinal study

Year 1997–2000

Sample size 656

Follow-up 1.5, 5, 7.5, 13 years

Matrix Maternal blood and milk, cord blood, child blood, hair

Analytes POPs, MeHg, PFC

Maternal PCB exposure level, geometric mean (µg/kg lipid) 1214 (181–15150)

MeHg exposure level in cord blood, geometric mean (µg/L) 12.4 (1.6–193)

Maternal DDE levels, geometric mean (µg/kg lipid) 538 (43.1–11,414)
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2.2.21  The septuagenarian cohort of the 
Faroe Islands

To complement the birth cohort studies, studies are also 
being undertaken to examine the health status of elderly 
Faroese residents regarding their lifetime exposure to marine 
pollutants (Table 2.20). A cohort of 1131 Faroese residents aged 
70–74 years was formed and 713 were examined (64% of the 
eligible population). All subjects underwent a thorough physical 
examination, with a focus on neurobehavioral and cardiovascular 
function, as well as body weight, diabetes, and general health. 
Birth weights were obtained from midwife charts at the Faroese 
National Archives. Cumulative exposure to major marine 
pollutants was determined from blood sample analysis. Dietary 
habit concerning the consumption of traditional food during 
childhood and adolescence, adulthood, and the most recent year 
was recorded (Grandjean et al. 2011). Information concerning 
current health and past medical history, including medication, 
risk factors such as smoking and alcohol use, and body weight 
at age 20 years was also recorded (Dalgard et al. 2011).

Serum 25-hydroxyvitamin D3 (S-25(OH)D3) was measured in 669 
of the 713 subjects for whom sufficient serum was available: 19% 
had S-25(OH)D3 concentrations <25 nmol/L and only 10.3% had 
S-25(OH)D3 concentrations >80 nmol/L. In a logistic regression 
analysis, BMI <30 kg/m2, blood sampling in summer season, eating 
pilot whale blubber more than once per month and female sex 
were positively associated with vitamin D levels of >80 nmol/L. 
The high prevalence of low vitamin D levels among the elderly 
Faroese population reflects the low skin synthesis during most 
months of the year, which is caused by the limited sun exposure 
and insufficient benefits from marine diet (Dalgard et al. 2010).

Septuagenarians with Type 2 diabetes or impaired fasting 
glycemia tended to have higher PCB concentrations and higher 
past intake of traditional foods, especially during childhood 
and adolescence. In non-diabetic subjects, the fasting insulin 
concentration decreased by 7% (95% CI = -12% to -2%) for 
each doubling of the PCB concentration after adjustment 
for sex and BMI at age 20. Conversely, the fasting glucose 
concentration increased by 6% (-1% to 13%) for each doubling 
in PCB. Similar associations were seen in subjects without 
impaired fasting glycemia, while further adjustment for current 
BMI and lipid metabolism parameters attenuated some of the 
associations. According to this study impaired insulin secretion 
appears to constitute an important part of the Type 2 diabetes 
pathogenesis associated with exposure to persistent lipophilic 
food contaminants (Grandjean et al. 2011).

2.2.22  Type 2 Diabetes in middle-aged 
Faroese residents

In total 3324 people were included in the Faroese Diabetes 
project (Table 2.21). The individuals were derived from three 
different groups: 460 subjects with diabetes or prediabetes found 
in a cross-sectional population-based study (MARK) conducted 
in 2007–2008; 577 individuals from the septuagenarians cohort 
(see Sect. 2.2.21) with increased or marginally elevated HbA1c 
or blood glucose levels; and a new group of 2187 randomly 
selected individuals aged between 40 and 70 years.

About 26% of the study population had some carbohydrate 
disturbance. The overall prevalence of T2DM in the study 
population was 13.1% (95% CI = 11.7–14.5%). Of these, about 
a quarter had unknown diabetes: 3.4% (2.7 to 4.1%). The 

Table 2.20 Key details of the septuagenarian cohort of the Faroe Islands.

Study type Cross sectional

Year 2008–2009

Sample size 713

Follow-up 2011–13 (partly)

Matrix Blood, hair and nails

Analytes POPs, MeHg, PFC

ΣPCB exposure level, geometric mean (µg/kg lipid) 8076 (685–70049)

Blood Hg, mean (µg/L) 4.6 (0.8–44.5)

DDE levels, geometric mean (µg/kg lipid) 2929 (7.0–47604)

Table 2.19 Key details of Birth Cohort 5 in the Faroe Islands.

Study type Longitudinal study

Year 2007–2009

Sample size 501

Follow-up 18, 42 and 60 months

Matrix Maternal blood and milk, cord blood and tissue, child blood, hair

Analytes POPs, MeHg, PFC

Maternal PCB exposure level, geometric mean (µg/kg lipid) 420 (16.0–2965)

MeHg exposure level in cord blood, geometric mean (µg/L) 4.6 (0.8–44.5)

Maternal DDE levels, geometric mean (µg/kg lipid) 131 (6.0–1517)
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prevalence of isolated IFG, isolated IGT and combined IFG-IGT 
were 4.8% (3.9–5.7%), 4.5% (3.7–5.4%) and 3.5% (2.8–4.3%) 
respectively. The prevalence of diabetes and other disorders 
increased significantly with age (p <0.05) and was higher in men 
than in women (p <0.0001). Age and sex specific prevalence of 
T2DM were 2.1% (6/284), 6.0% (16/266), 8.9% (20/225) and 
18.8% (60/319) for women aged 40–49, 50–59, 60–69 and 70+; 
and 3.8% (12/313), 9.5% (27/283), 24.2% (64/264) and 28.3% 
(96/339), respectively, for men (Andreassen 2014). 

2.3 Conclusions and recommendations

An increasing number of exposure studies have been performed 
in the circumpolar Arctic over the past three decades. Exposure 
in this context means exposure to contaminants in the Arctic 
environment. The main source of contaminant exposure is 
the consumption of traditional foods of marine origin, such 
as whales, seals, polar bears and some fish species. AMAP 
has generated a vast amount of data on contaminant levels in 
human tissues, especially in hair and blood, and in some studies 
even human milk. Exposure levels vary in different regions 
of the Arctic, which can be largely explained by variation in 
contaminant levels in the traditional diet. 

Several studies have been designed as birth cohorts, giving the 
opportunity for later examination of health effects associated 
with prenatal or early postnatal exposure. However, conducting 
human health effects studies in the Arctic can be a challenging 
for several reasons, including issues associated with logistics, the 
wide range of languages and cultures, and a lack of qualified staff 
when estimating the function of the central nervous system. 

To maximize the returns from such studies requires a 
harmonized study design and harmonized reporting of results. 
This will make it possible to merge studies and perform strong 
meta-analysis. AMAP guidance on the design of cohort and 
dietary studies for assessing the effects of environmental 
contaminants on population health in the Arctic as well as a 
protocol for the full reporting of results, including statistical 
methodology, would be very useful. This will enhance the ability 
to compare and combine the outcome of such studies from 
different circumpolar regions and should thus result in a more 
statistically valid assessment of effects. 

Table 2.21 Key details of the Type 2 Diabetes study for middle-aged 
Faroese residents.

Study type Cross sectional

Year 2011–2013

Sample size 3324

Matrix Blood, hair

Analytes POPs, MeHg, PFC

ΣPCB exposure level, mean (µg/kg lipid) Not yet analyzed

Blood Hg, mean (µg/L) Not yet analyzed

DDE levels, mean (µg/kg lipid) Not yet analyzed
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3. Levels and trends of contaminants in humans

Authors: Jennifer C. Gibson, Bryan Adlard, Kristín Olafsdottir, Torkjel M. Sandanger
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Jørgensen, Manhai Long, Gunnar Toft, Peter Bjerregaard, Nina Nielsen, Pál Weihe, Maria Skaalum Petersen, Jónrit Halling, 
Jon Øyvind Odland, Britta Hedlund, Ingvar Bergdahl, Arja Rautio, Alexey Dudarev

3.1 Introduction

This chapter reports on biomonitoring data developed in the 
eight Arctic countries since the previous AMAP human health 
assessment (AMAP 2009). The focus is on blood concentrations 
of several persistent organic pollutants (POPs), organochlorine 
pesticides (OCs) and metals, updates on concentrations of 
contaminants first reported in the previous assessment report, 
and data for some of the newest contaminants reported in the 
Arctic. Contaminant concentrations are also reported for other 
human tissues and fluids, such as hair, breast milk and urine.

Exposure to environmental contaminants through the 
traditional diet remains one of the risks to human health in the 
Arctic. Due to unique geographic and climatic characteristics, 
the Arctic has become a repository for contaminants transported 
long distances through the atmosphere and via ocean currents. 
Often persistent, these chemicals then bioaccumulate and 
biomagnify through Arctic food chains into the species that 
make up traditional (country) food sources for many Arctic 
peoples. The traditional diet of these Arctic populations 
tends to rely on foraged plant matter, fish, and terrestrial and 
marine mammals for sustenance, because store-bought foods 
(sometimes also termed market foods or commercial foods) are 
difficult to access or are not as nutrient-rich as traditional foods 
(Donaldson et al. 2010a). Many of the marine mammals, some 
of which are top predators in the Arctic marine food web, and 
some fish species can be highly contaminated with persistent, 
bioaccumulative chemicals. General trends of POPs in biota are 
not included in this chapter; however they have been reported 
on in other AMAP reports, including a recent report prepared 
for the Stockholm Convention’s Second Global Monitoring 
Plan (AMAP 2014). Biomonitoring studies investigating the 
changing levels of contaminants in human populations are an 
essential part of the management of these risks, including the 
ability to analyze the risks and benefits for human populations 
that consume traditional food. 

3.2 Synthesis

3.2.1 AMAP 1998

The first AMAP human health assessment (AMAP 1998) 
marked the first international, circumpolar report from the 
Arctic Monitoring and Assessment Programme (AMAP). 
Seven of the eight circumpolar countries (Canada, Denmark/
Greenland/Faroe Islands, Iceland, Finland, Sweden, 
Norway, and Russia) contributed data to this report. Several 
polychlorinated biphenyls (PCBs), OCs, and metals were 
reported in different Arctic populations, both indigenous and 
non-indigenous populations.

The preliminary data identified in the 1998 assessment suggest 
that levels of POPs and methylmercury (MeHg) in breast milk 
and cord blood were two- to ten-fold higher than levels found 
south of the Arctic region. Despite worldwide risk management 
put in place for several POPs during the 1970s and 1980s, there 
seemed to be no evidence that levels in Arctic populations had 
decreased. Persistence, ubiquity and continued use in different 
parts of the globe contributed to continuous exposure levels for 
Arctic populations. This report presented the first amalgamation 
of human biomonitoring data for Arctic populations. While the 
1998 assessment could not indicate temporal trends, it did 
provide the first Arctic-wide perspective.

Levels of hexachlorobenzene (HCB), Mirex and three 
chlordane metabolites were markedly higher in Greenland 
and eastern Canadian Inuit maternal blood samples than in 
corresponding samples from the other participating countries. 
PCBs were highest in maternal blood samples from Greenland. 
Organochlorines such as β-hexachlorocyclohexane (β-HCH) 
and p,p’-dichlorodiphenyltrichloroethane (p,p’-DDT) were 
found to be higher in Russian populations than in populations 
examined from other countries, indicating potential uses in 
Russia or that these pesticides were being used on the food 
products consumed by these Arctic populations. Levels of 
p,p’-dichlorodiphenyldichloroethylene (p,p’-DDE) in Greenland 
and Russian populations were three to five times higher than 
those in other Arctic countries.

Greenland and Canada emerged as hotspots for metals, 
particularly mercury (Hg), lead (Pb) and cadmium (Cd). This 
exposure to Hg and Pb was attributed to specific traditional 
food consumption in these two populations in comparison with 
the food species consumed by populations in other parts of 
the Arctic; and smoking behavior was linked with levels of Cd. 

Exposure levels found in the Arctic in the 1998 assessment 
were identified as unacceptable. While temporal trends for Hg 
and Cd could not be determined from the data sets available, 
it was evident that Pb levels were decreasing in the Arctic in a 
similar way as levels in the south, probably in response to the 
risk management action taken on Pb emissions, and the partial 
ban on lead shot.

3.2.2 AMAP 2002

The second AMAP human health assessment (AMAP 2003) 
provided the first opportunity to compare contaminant levels 
over time, especially in the Canadian and Greenlandic data sets 
for the maternal blood contaminant study. Data were submitted 
by all eight circumpolar countries. Fewer contaminants were 
reported in the 2002 assessment, but core contaminants of 
concern were consistently tested and reported in the Arctic 
countries, allowing for geographical comparison. 
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Levels of contaminants in blood samples from the populations 
living in the Arctic region again showed that certain POPs and 
Hg were high in Arctic people that consumed certain traditional 
foods. Greenland Inuit mothers, in particular, were found to 
have levels of PCBs, HCB, total chlordanes and Hg higher 
than any other Arctic population. Russian non-indigenous 
populations had the highest levels of DDT and β-HCH; and 
elevated levels were also observed in Iceland and in the non-
Caucasian, non-Dene/Métis, non-Inuit ‘Others’ group for the 
Canadian Arctic. 

3.2.3 AMAP 2009

The third AMAP human health assessment report (AMAP 
2009) contained the first comparison of all Arctic regions in 
Russia as a part of the overall assessment. It provided some 
of the first trend data for particular OCs and metals. Data 
from Canada, Greenland, Iceland, Sweden, Finland and Russia 
showed that levels of contaminants such as PCBs, oxychlordane, 
and Hg were decreasing in a broad range of Arctic populations. 
It was apparent that the consumption of marine mammals as 
a part of a healthy traditional diet seemed to result in elevated 
contaminant levels in Inuit regions of Greenland and Canada. 

A new set of contaminants were measured in the Arctic 
for the 2009 assessment. It was possible to report the levels 
of brominated flame retardants (BFRs) and perfluorinated 
compounds (PFCs) due to advances in detection techniques 
and methodologies. Levels of perfluorooctanoic acid 
(PFOA) and perfluorooctane sulfonate (PFOS) were found 
throughout the Arctic and were elevated compared to other 
POPs. Polybrominated diphenyl ethers (PBDEs) were found 
at low levels across the Arctic, with the exception of high 
levels found in Alaska. Tetrabromobisphenol A (TBBPA) and 
hexabromocyclodecane (HBCD) had limited data but showed 
low blood levels. Concentrations of PFOS were significantly 
higher in consumers of fish and marine mammal meat in 
Nunavik, Canada. PBDEs were found to require more data 
before a source or trend could be identified. In general, more 
monitoring data were needed for the emerging contaminants, as 
some were very data-limited but anticipated to be of potential 
concern in the future. 

3.2.4 AMAP 2015

Since the 2009 assessment, biomonitoring activities have 
continued in the eight Arctic countries. POPs and metals 
are still undergoing long-range transport to the Arctic and 
are bioaccumulating and bioconcentrating within the Arctic 
food chains relied on for a socially, economically, culturally 
and nutritionally beneficial traditional food supply. However, 
declines are beginning to be detected in certain Arctic 
populations, and public health interventions have been 
instituted based on some of the biomonitoring results presented. 
Different contaminants are also being detected in the Arctic, 
indicating that new international risk management may be 
necessary. The use and production of PFCs started in the 1950s, 
increased during the 1970s, and continues today with PFCs still 
in demand in industrial and consumer applications (Nøst et 
al. 2014). Although PFCs do not bioaccumulate in fatty tissues, 
they are exhibiting similar patterns of concentration in Arctic 

populations as for most other POPs, however the patterns for 
BFRs are slightly different. Further monitoring of BFRs is being 
pursued to identify their potential threat to Arctic populations. 

3.3 Methodology for AMAP 2015

Since the first meeting of the AMAP Expert Group on Human 
Health in 1991, considerable efforts have been made to ensure 
the measurement of high quality human biomonitoring data 
for POPs and metals of concern to AMAP. The AMAP Human 
Health Assessment Group recommended in 2000 that a quality 
assessment (QA) program be established for POPs in human 
biological fluids (the AMAP Ring Test). The 2009 assessment 
report (AMAP 2009) described in detail the implementation 
and evolution of this external quality assessment scheme 
(EQAS), which has provided a means of comparing the quality 
of data produced by laboratories involved in the measurement 
of POPs in samples of human origin from Arctic countries 
(Weber 2002).

Since its inception in 2001, the scope of the AMAP Ring Test has 
been revised to add or remove different POPs, with a substantial 
revision occurring in 2007 to add more POPs and to modify 
the scoring system. The scheme now considers 37 analytes 
(11 pesticides, eight PBDEs, nine PCBs, six PFCs, total lipids, 
cholesterol and triglycerides). Described earlier (see AMAP 
2009), several international EQAS already exist for metals 
in biological fluids, as well as a number of national schemes. 
Participation in the AMAP Ring Test by both AMAP and non-
AMAP countries has fluctuated over the years – from 25 to 
29 participating laboratories during the period 2002 to 2008. 
Currently, 32 laboratories are registered participants (Table 3.1). 

It is important for AMAP to present spatial and temporal 
trends of exposure with confidence and to demonstrate that the 
trends are not influenced unduly by analytical uncertainty. The 
AMAP Ring Test has thus established criteria for good (within 
20% of target) and acceptable (within 40% of target) EQAS 
performance. Although fluctuations in individual performance 
are expected, the proportion of laboratories showing excellent 
or good performance generally increased between 2001 and 
2007, often with pronounced improvements for some analytes 
(AMAP 2009). Ongoing participation in the AMAP Ring Test 
(or another suitable intercomparison program) is therefore 
highly encouraged, as this seems to have provided impetus 
for participating laboratories to examine and refine analytical 
procedures and organizational protocols necessary for meeting 
performance targets. All laboratories submitting data to this 
assessment were active participants in a QA/QC program.

The data for POPs, OCs and PBDEs in this chapter are expressed 
on a lipid weight basis (μg/kg plasma lipid) because these 
analytes accumulate in lipids, and lipid levels in plasma increase 
throughout pregnancy and vary in response to meals. The data 
for PFCs are expressed on a wet weight basis (μg/L plasma or 
serum) as they do not accumulate in lipids. The data for metals 
are expressed on a whole blood basis (μg/L whole blood). Data 
are provided for mothers and children, women of childbearing 
age (WCBA), and women and men of all ages. The geographical 
areas represented in this update are found in Chap. 1 (Fig. 1.1). 
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This chapter focuses on spatial or temporal trends for several 
POPs which are expected to be found in higher concentrations 
in some Arctic populations. The observation of trends is also 
undertaken for metals such as Hg and Pb, for which individuals 
have often exceeded tolerable daily intakes. Data have also 
been provided for new contaminants discussed in the previous 
assessment report (AMAP 2009).

The studies described in this chapter often provide an update 
for contaminants and populations examined in previous 
assessments. In some cases, differences that are statistically 
significant are identified within single studies or cohorts. 
However, due to the nature of human biomonitoring data 
and privacy concerns, the individual raw data sets were 
not usually available from the different studies and limited 
statistical analyses have thus been attempted. The data are 
usually presented as geometric means for populations, and 
the minimum and maximum concentrations in the range of 
values measured are often also presented. Where geometric 
means are not available for the data, this is clearly indicated.

With these additional data, this chapter discusses how 
contaminant levels are changing with time, and provides an 
indication of differences between populations, geographical 
areas, and traditional practices. In doing so, insight is obtained 
about how international risk management efforts, dietary shifts, 
and risk communication interventions from public health 
officers and other officials may be affecting Arctic residents’ 

exposure. For several Arctic countries, there are now almost 
20 years of biomonitoring data available to assess changes in 
contaminant concentrations.

3.4 National reports

3.4.1 Alaska

The Alaskan Native Maternal Organics Monitoring (AN MOM) 
program began in 1998. The Yukon-Kuskokwim Delta 
regions specifically requested to participate in this study. Data 
representing the continuing biomonitoring of Yup’ik mothers 
were generated by the AN MOM project from 1999 to 2012. 
Prospective repeat sampling of the same population resulted in 
recruitment of a cohort of 160 participants for the most recent 
sampling period (2009–2012), from the Yukon and Kuskokwim 
River Delta in southwestern Alaska. 

3.4.1.1 Persistent organic pollutants

Concentrations of POPs are lower in maternal samples from the 
2009–2012 sampling period than in previous periods (Table 3.2). 
Oxychlordane, p,p’-DDT, p,p’-DDE, Mirex and PCB138 declined 
steadily between 1999–2003 and 2009–2012. In fact, more than 
50% of samples for p,p’-DDT and Mirex were below the limit of 
detection. The pattern for trans-nonachlor, HCB, β-HCH and 

Table 3.1 Overview of QA/QC participation by laboratories supplying data to the 2015 AMAP Human Health assessment.

Country POPs Metals

Laboratory QA/QC scheme Laboratory QA/QC scheme

USA CDC AMAP CDC QA/QC programs from 
independent sources as 

required by CLIA

Canada CTQ AMAP CTQ QMEQAS

Greenland CTQ
University of Aarhus, 

Department of Bioscience, 
Roskilde (PFCs)

AMAP (including PFCs) University of Aarhus, 
Department of Bioscience, 

Roskilde

None for metals in serum, but 
QUASIMEME for metals in 
the marine environment and 

Seronorm™ controls

Iceland DPTUI
NILU (PFCs)

AMAP na

Faroe Islands University of Southern 
Denmark

EQUAS University of Southern 
Denmark

EQUAS and QMEQAS

Norway NILU AMAP Jožef Stefan Institute, 
Department of Environmental 

Sciences, Slovenia

PHIME and PHAPAS

Sweden National Food Agency, 
Department of Science, Sweden

None for POPs in serum, but 
several for other matrices 

including human milk 
(EU-RL PT)

Occupational and 
Environmental Medicine, Lund 

University, Sweden

QMEQAS, EQUAS and 
NEQAS

Finland National Institute for Health 
and Welfare, Finland

AMAP Jožef Stefan Institute, 
Department of Environmental 

Sciences, Slovenia

PHIME and PHAPAS

Russia Typhoon, NW branch, Russia AMAP Typhoon, NW branch, Russia STAMI

Laboratories: CDC: Center for Disease Control, Atlanta, GA, USA; CTQ: The Centre de toxicologie du Québec, Montreal, Canada; DPTUI: 
Department of Pharmacology and Toxicology, University of Iceland, Reykjavik, Iceland; NILU: Norwegian Institute for Air Research, Tromsø, Norway.  
QA/QC scheme: AMAP: Ring test for POPs in human serum from CTQ; EQUAS: The German external quality assessment scheme for analyses in 
biological materials; CLIA: Clinical Laboratory Improvement Amendments; QMEQAS: Multi-element external quality scheme in human material, 
including serum and urine from CTQ, Canada; QUASIMEME: Quality Assurance of Information for Marine Environmental Monitoring in Europe 
Laboratory Performance Studies; PHIME: An EU project 2006-2011 with six intercomparison exercises on metals in blood; PHAPAS: Proficiency testing 
for elements in milk samples organised by FERA: Food and Environment Research Agency, UK; NEQAS: United Kingdom National External Quality 
Assessment Schemes for clinical chemistry; STAMI: QA/QC program offered by the National Institute of Occupational Health, Norway.
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PCB153 is less clear, as concentrations in the sample population 
from 2004–2006 were higher than those found in 1999–2003. For 
trans-nonachlor and HCB, concentrations in 2009–2012 were 
lower than those of 2004–2006, but not yet as low as 1999–2003. 
For both β-HCH and PCB153, the current concentrations are 
lower than those seen in the past two sampling periods, despite 
the higher concentrations in 2004–2006. The concentrations 
of PBDE153 were higher in 2009–2012 than in 2004–2006, 
although the other PBDEs were lower than in 2004–2006. 
More than 70% of samples were below the detection limit for 
PBDE209. Several PFCs increased in the current sampling year 
compared to the previous sampling period. PFOS and PFOA 
increased in mothers over the time period. Perfluorononanoate 
(PFNA) also showed a small increase. The geometric mean 
concentration of perfluorodecanoate (PFDA) remained similar, 
although the maximum decreased. Perfluorohexane sulfonate 
(PFHxS) was measured for the first time.

Infants of the mothers sampled during the 2009–2012 sampling 
period were also sampled. Not every infant had umbilical cord 
blood collected, but those that did are shown compared to the 
maternal values. Five contaminants within the infant population 

had more than 70% of samples below the limit of detection, 
compared with one in the maternal population. Many of the 
PCBs and OCs measured were similar between maternal blood 
and infant blood. However, two contaminants were higher in 
infants than in mothers – oxychlordane by 5% and HCB by 19%. 
All PBDEs and PFCs were lower in infants than in mothers.

3.4.1.2 Metals

Comparing the recent metals analysis with data reported 
by AMAP (2009) shows that levels have decreased in Yup’ik 
mothers in Cd, Pb and Hg (Table 3.3). Although the statistical 
significance of these trends was not measured, there has been a 
steady decline in Cd concentrations across the three sampling 
periods, and Pb and Hg concentrations in 2009–2012 are less 
than half the values of 2004–2006. Selenium (Se) is also reported 
for the first time. Levels reported in Yup’ik mothers are similar 
to those found in US females (all ages), which had a geometric 
mean of 188 μg/L blood Se in the National Health and Nutrition 
Examination Survey (NHANES) (US CDC 2014a).

Table 3.2 Concentrations of POPs in Yup’ik maternal and infant blood from Alaska. Data presented as geometric means (range), calculated for the specified 
period of sampling, in μg/kg plasma lipid. Source: 1999–2003 data and 2004–2006 data (AMAP 2009); 2004–2006 PFCs data (Kostick and Berner pers. 
comm. 2013); 2009–2012 data (Berner pers. comm. 2014).

1999–2003 2004–2006 2009–2012 2009–2012

Mean age 26 26.4 26.5 Infant

Sample size n=106 n=206 n=156 n=77

Oxychlordane 29 12 (1.5–234) 7.3 (<LOD–72.5) 7.7 (<LOD–58.8)a

trans-Nonachlor 5.3 21 (1.8–310) 9.9 (<LOD–107) 8.8 (<LOD–87.4)

p,p’-DDT 6.4 3.4 (1.2–23) 2.5 (<LOD–12.6)a –b

p,p’-DDE 135 124 (3.1–777) 82.7 (13.8–373) 80.7 (15.4–280)

HCB 14 22 (2.4–188) 15.9 (2.7–98.8) 19.6 (<LOD–105)

β-HCH 6.7 7.7 (1.1–138) 3.6 (<LOD–36.8) –b

Mirex 24 3.3 (1.1–36) 2.3 (<LOD–12.7)a –b

PCB99 na na 3.0 (<LOD–28.6) 2.8 (<LOD–21.4)

PCB118 na 5.6 (0.4–78) 3.4 (<LOD–27.5) 3.5 (<LOD–29.3)

PCB138 35 14 (0.2–221) 9.1 (1.0–77.8) 8.3 (<LOD–56.3)

PCB153 17 24 (0.8–416) 14.8 (1.5–148) 12.5 (2.0–90.1)

PCB180 na 10 (0.4–192) 5.4 (<LOD–56.8) 4.2 (<LOD–30.1)

PBDE47 na 26 (1.2–455) 19.8 (2.4–395) 16.1 (<LOD–265)

PBDE99 na 6.3 (0.2–1359) 4.5 (<LOD–186) 2.5 (<LOD–36.3)

PBDE100 na 5.3 (0.1–87) 4.6 (0.7–60.5) 3.0 (<LOD–46.6)

PBDE153 na 8.0 (0.3–76) 9.5 (2.3–58.6) 4.3 (<LOD–23.9)

PBDE209 na 1.9 (1.2–15) –b –b

PBB153 na na 0.7 (<LOD–28.1) –b

PFOS na 0.9 (0.2–27.6)c 2.2 (<LOD–9.0)d 0.5 (<LOD–2.7)e

PFOA na 0.3 (0.1–3.8)f 1.0 (<LOD–4.3)d 0.6 (<LOD–2.6)e

PFNA na 0.4 (0.1–5.7)c 0.7 (<LOD–3.4)d 0.2 (<LOD–1.3)e

PFDA na 0.2 (0.2–2.1)g 0.2 (<LOD–1.1)d –b

PFHxS na na 0.3 (<LOD–3.2)d 0.2 (<LOD–0.7)e

LOD: Limit of detection. For statistical purposes, values <LOD were replaced by LOD/√2; aover 50% of samples <LOD; bover 70% of samples <LOD, 
so data not reported; cn=134; dn=159; en=78; fn=132; gn=123.
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3.4.1.3 Conclusion

Although levels of contaminants have declined in Yup’ik 
mothers, it is likely that the change is not equally distributed 
across the population of the Yukon-Kuskokwim Delta due 
to environmental change, community accessibility and 
the possibility that there has been a gradual decrease in 
consumption of traditional foods in the younger population 
of the Yukon-Kuskokwim, as has been documented elsewhere 
in the Arctic. Traditional dietary choices have been influenced 
by the availability of commercial food and advertising is 
influencing dietary choices to replace the traditional diet by 
store-bought food, especially among the younger residents 
(Berner pers. comm. 2014). Of those eating traditional food, 
there is generally more marine mammal availability for coastal 
settlements. There is an unequally distributed transition along 
the coast to incorporate muskox, moose and caribou, where 
available, into the traditional diet rather than relying heavily 
on marine resources (Berner pers. comm. 2014). Riverine 
settlements depend more on freshwater fish and land mammals 
for traditional food, unless there is sharing occurring between 
the riverine and coastal villages.

Some of this adaptation is due to climate change (see Chap. 7). 
In Alaska, and across the Arctic, snowmobiles and outboard 
motors have changed hunting patterns and capabilities, 
increasing the ability of village hunters to deal with climate 
variability, particularly unpredictable ice conditions, and 
increasing hunting ranges, which can help to maintain the 
traditional diet.

3.4.2 Canada

Canadian biomonitoring studies reported by AMAP (2009) 
indicated decreases in contaminant concentrations over time. 
However, in the Inuvialuit Settlement Region and Nunavut, due 
to the small number of time points available more data were 
considered necessary before a trend could be reliably identified. 
New data presented in this report include additional time 
points for concentrations of contaminants among pregnant 
women in Nunavik through continued biomonitoring in 
the regions of Hudson Bay and the Ungava Coast, as well 
as blood concentrations of contaminants among children in 
Nunavik, collected through the Nunavik Child Development 
Study (NCDS). The Inuit Health Survey (2007–2008; IHS), 
which was not available in time for inclusion in the previous 
AMAP human health assessment, is presented here and 
provides coverage of three Inuit regions in northern Canada: 

the Inuvialuit Settlement Region, Nunavut, and Nunatsiavut 
(Chan 2012a,b,c). Nunatsiavut is not an Arctic region, because 
it covers the northern coast of Labrador in the province of 
Newfoundland and Labrador, but it is an Inuit region and so 
is included due to its many similarities with other Arctic Inuit 
regions. Previous AMAP assessment reports have not presented 
data from the Nunatsiavut region; biomonitoring data from 
the IHS presents the first comprehensive overview of human 
exposure to contaminants in this region.

Combined with another extensive survey, the Nunavik 
Health Survey (2004), these studies provide comprehensive 
biomonitoring datasets of contaminant levels among Inuit 
across the Canadian North. The similar random sample study 
methodology used for these surveys, as outlined in detail by 
Dewailly et al. (2007), Saudny et al. (2012) and Laird et al. (2013a) 
allows for a reliable Arctic-wide comparison of biomonitoring 
data to highlight geographical trends in northern Canada.

3.4.2.1 Persistent organic pollutants

Concentrations of POPs among WCBA in the Inuvialuit 
Settlement Region, Nunavut, Nunavik and Nunatsiavut are 
presented in Table 3.4. Concentrations among men and women 
(18+) of the general population were also collected and are 
presented in Table 3.5. Nunavik biomonitoring data from 2004 
were presented in the previous AMAP report but are included 
here for comparison purposes.

Concentrations of POPs among WCBA were usually highest 
among Inuit from Nunavik, and generally lowest among Inuit 
from Nunatsiavut (Table 3.4). Concentrations in Nunavik 
were higher than in Nunavut by as much as two-fold for some 
POPs, and were between two and fifteen times higher than most 
contaminant concentrations in Nunatsiavut. Concentrations 
of POPs in Inuvialuit were generally slightly higher than in 
Nunatsiavut although still much lower than in Nunavut or 
Nunavik. PBDE concentrations appear similar across all four 
regions, although concentrations were lower in Nunavik. Among 
the PBDEs, PBDE209 is the most predominant congener.

The geographical differences observed for the POPs reflect 
the distinct cultures, traditional lifestyles and dietary habits 
of Inuit in the Canadian Arctic. In general, the higher POP 
concentrations observed in the eastern Arctic (Nunavut 
and Nunavik) are due to the higher consumption of marine 
mammals. Research by Curren et al. (2015) analyzed older 
maternal biomonitoring datasets from the Inuvik and Baffin-
Nunavut regions of Canada, and also noted significant regional 
differences in the concentrations of several contaminants in an 
east-west comparative analysis. When blood contaminant levels 
of Inuit are compared to those from the general population of 
Canada (Health Canada 2010, 2013), it is evident that Inuit face 
elevated exposure to several POPs, as mean concentrations of 
contaminants such as PCB153 are generally between three- and 
eleven-fold higher among Inuit men and women from the four 
regions of northern Canada. This is also supported by other 
studies, such as that by Curren et al. (2014) which compared 
biomonitoring data for women in their first pregnancy from 
the Inuvik (Armstrong et al. 2007) and Baffin (Potyrala et al. 
2008) regions in the mid-2000s, and from southern Canada 
collected as part of the Trinational Biomonitoring Study 

Table 3.3 Concentrations of metals in Yup’ik maternal blood from Alaska. 
Data presented as geometric means, calculated for the specified period of 
sampling, in μg/L whole blood. Source: 1999–2003 data and 2004–2006 
data (AMAP 2009); 2009–2012 data (Berner pers. comm. 2014).

1999–2003 2004–2006 2009–2012

Mean age 25 25 26.5

Sample size n=43 n=75 n=160

Total Hg 1.1 5 2.2

Pb 11 18 7.4

Cd 0.6 0.4 0.2

Se na na 181
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conducted by the Commission of Environmental Cooperation 
during the same period (CEC 2011). Significant differences in 
concentration for several POPs, Hg and Pb were noted between 
the pregnant women from these northern and southern 
Canadian populations after adjusting for age. The highest 
age-adjusted geometric mean levels of POPs and metals were 
usually observed among Inuit in northern populations, with 
the exception of PBDE153, which was significantly higher in 
the southern women. Southern Canadian mothers born outside 
Canada also showed the highest individual concentrations of 
p,p’-DDE and β-HCH measured in the study, although northern 
mothers as a group showed a higher adjusted geometric mean 
concentration for β-HCH, and Inuit mothers from Baffin were 
higher for p,p’-DDE (Curren et al. 2014).

Concentrations of POPs among men in the Inuvialuit 
Settlement Region, Nunavut and Nunatsiavut regions were 
usually higher than in all women or WCBA, often by as much 
as two- or three-fold (Table 3.5). However, differences in POPs 
concentrations between men and all women studied in Nunavik 
did not show a clear trend by gender, and concentrations 
were often quite similar. WCBA had lower concentrations of 
contaminants compared to all women, which is expected for 
most contaminant concentrations that have previously been 
found to be associated with increasing age. Concentrations 
of contaminants such as PCBs, toxaphene, p,p’-DDT and 
p,p’-DDE all increased with age, except the PBDEs, which 
either decreased with age or were similar among age groups 

(Chan 2012a,b,c). Dietary information collected (24-hour 
recall and food frequency questionnaire) as part of the IHS 
(Chan 2012a,b,c) indicated that men ate larger portions of 
traditional foods more frequently than women, and that older 
adults (>40 years old) ate more traditional foods than younger 
adults (<40 years old). The main traditional foods consumed 
overall (by weight) were caribou and Arctic char, which are both 
relatively low in contaminants (Laird et al. 2013b). Since 2008 
however, there have been dramatic declines in the availability 
of some traditional foods (e.g. caribou), such that the food 
consumption data collected in this survey may not reflect 
current usage. Like other Inuit regions in northern Canada, 
Inuit from Nunavik also consumed large amounts (by weight) 
of caribou meat and Arctic char (Lemire et al. 2015).

Concentrations of PBDEs appeared to be lower in men and 
women from Nunavik compared to the other three regions 
(Table 3.5). Concentrations of PBDE47, PBDE99 and PBDE100 
were similar across the Inuvialuit Settlement Region, Nunavut 
and Nunatsiavut, although levels of PBDE209 appear to be 
higher in the Inuvialuit Settlement Region and Nunavut 
than in Nunatsiavut. No data for PBDE209 were available 
for Nunavik. PBDE concentrations in the Canadian Arctic 
appear to be lower than the general population of Canada, 
except for PBDE209 which was found to be higher in Inuit 
than the general population, as measured in pooled samples 
from Cycle 1 of the Canadian Health Measures Survey (CHMS; 
Rawn et al. 2014). This may be a result of different exposure 

Table 3.4 Blood concentrations of POPs in Inuit women of childbearing age across the Canadian Arctic. Data presented as geometric means (range), 
in lipid weight (μg/kg plasma lipid). Source: Chan (2012a,b,c); Dewailly pers. comm. (2014); Ayotte pers. comm. (2014).

Inuvialuit Settlement Region Nunavut Nunavik Nunatsiavut

2007–2008 2007–2008 2004 2007–2008

Mean age (range) 28 (18–39) 28 (18–39) 28 (18–39) 30 (20–39)

Sample size n=74 n=485 n=283 n=61

Oxychlordane 8.5 (0.4–222) 21.6 (0.4–420) 34 (2.3–440) 2.5 (0.4–58.6)

trans-Nonachlor 17.3 (0.8–457) 33.8 (0.8–441) 62 (4.7–1000) 4.1 (0.7–84.7)

p,p’-DDT 5.0 (2.0–65.1) 6.8 (2.1–97.8) 8.5 (1.3–130) 4.5 (2.8–6.9)

p,p’-DDE 79.5 (13.4–1024) 148 (1.8–2680) 279 (27.1–3100) 55.6 (13.1–239)

HCB 15.7 (1.6–304) 32.2 (1.4–294) 37 (4.1–650) 8.7 (1.9–115)

β-HCH 3.7 (0.8–72) 5.5 (0.7–108) 4.8 (0.7–40) 1.6 (0.6–11.5)

Toxaphene Parlar 26 2.0 (0.3–95.5) 6.1 (0.3–98.1) 8.1 (0.4–200) 0.8 (0.3–14.7)

Toxaphene Parlar 50 2.9 (0.3–152) 8.4 (0.4–130) 15 (0.4–310) 0.9 (0.3–19.7)

PCB99 4.5 (1.6–65.1) 8.9 (1.7–146) 14 (1.4–140) 3.2 (1.7–17.1)

PCB118 4.6 (0.8–94.1) 7.5 (0.7–97.5) 13 (1.9–190) 2.9 (0.7–36.9)

PCB138 8.9 (0.8–180) 19.9 (0.8–387) 40 (3.7–310) 7.0 (1.0–93.3)

PCB153 17.6 (0.8–249) 46.9 (0.9–1022) 82 (5.7–550) 17.7 (2.2–304)

PCB180 7.4 (0.8–84.4) 22.4 (0.9–848) 38 (3.3–350) 11.4 (1.1–239)

PBDE47 9.9 (2.1–676) 8.8 (1.7–477) 6.6 (1.5–340) 7.0 (1.7–111)

PBDE99 3.3 (1.1–184) 2.6 (1.1–101) –a 2.4 (1.1–30.4)

PBDE100 2.5 (1.1–127) 2.6 (0.9–379) –a 2.2 (1.1–38.4)

PBDE153 3.4 (1.1–59.9) 3.3 (1.1–84)b 1.9 (1.1–60) 2.9 (1.1–36.4)

PBDE209 15.8 (4.0–189)c 13.8 (4.4–406)d na 6.9 (3.9–54.6)

aOver 60% of samples below the limit of detection, so data not reported; bn=132 (2008 only); cn=71 (2008 only); dn=131 (2008 only).
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pathways for PBDEs (e.g. indoor air and dust – Whitehead 
et al. 2015) compared to other POPs, which most Inuit are 
exposed to due to consumption of high trophic level traditional 
foods (e.g. marine mammals and long-lived predatory fish). 
Recent studies have shown that diet is a poor predictor of PBDE 
body burden and instead that indoor dusts were significantly 
correlated with exposure (Watkins et al. 2012). The congener 
with the highest mean concentrations was PBDE209, which is 
one of the few groups of PBDEs not listed under the Stockholm 
Convention on Persistent Organic Pollutants.

Concentrations of contaminants among children who 
participated in the NCDS are presented in Table 3.6. Blood 
samples were collected in the same children between 2000 and 
2002 (average age 5 years) and between 2005 and 2007 (average 
age 11 years). Concentrations of POPs declined by more than 
40% between the two time points; this decrease could be due 
to a decrease in levels in the environment but is most likely to 
be due to a dilution of concentrations of lipophilic POPs as the 
body grows with age. The decrease could also reflect changes 
in consumption of traditional foods between toddlers and 

pre-teens, however this would be contrary to the few current 
dietary studies that suggest traditional food intake in children 
may increase with age (Gagne et al. 2012). The concentrations 
of POPs in the younger children (at 5 years) could also be 
influenced by exposure from more recent breastfeeding.

The previous AMAP assessment (AMAP 2009) presented data 
for pregnant Inuit women in the Inuvialuit Settlement Region 
and Nunavut using two time points available from baseline and 
follow-up studies. Other than the IHS, there are no other time 
points available in these regions for further comparisons. Due 
to differences in sampling methodologies and target population, 
further comparisons were not done. 

Using new biomonitoring data from the Nunavik monitoring 
program conducted in the Ungava Bay and Hudson Bay regions 
among pregnant women from 2011–2013, time trends of POPs 
in Nunavik are presented in Tables 3.7 and 3.8. Data from 2011 
and 2012 are combined due to small sample size. Blood data 
from pregnant women are most appropriate for time trend 
comparisons in Nunavik, since extensive sampling occurred 

Table 3.5 Blood concentrations of POPs in men and women across the Canadian Arctic. Data presented as geometric means (range), in lipid weight 
(μg/kg plasma lipid). Source: Chan (2012a,b,c); Dewailly pers. comm. (2014); Ayotte pers. comm. (2014).

Inuvialuit Settlement Region Nunavut Nunavik Nunatsiavut

Men Women Men Women Men Women Men Women

2007–2008 2007–2008 2007–2008 2007–2008 2004 2004 2007–2008 2007–2008

Mean age 
(range)

46.2 (18–81) 42.6 (18–90) 42.2 (18–89) 40.7 (18–90) 37.0 (18–74) 37.3 (18–74) 45.7 (18–89) 43.4 (20–79)

Sample size n=92 n=187 n= 650 n=977 n=408 n=506 n=98 n=165

Oxychlordane 91 (1.1–1802) 34 (0.4–2888) 105 (0.3–3675) 56 (0.4–3872) 66 (0.9–1600) 66 (2.3–2700) 14 (0.5–209) 8.0 (0.4–226)

trans-
Nonachlor

167 (1.6–3094) 63 (0.8–1181) 145 (0.8–2087) 80 (0.8–2478) 120 (1.5–3900) 120 (4.7–3700) 23 (0.7–394) 14 (0.7–339)

cis-Nonachlor 23 (0.4–364) 9.0 (0.4–223) 24 (0.3–401) 14 (0.4–435) 16 (0.2–410) 18 (0.4–590) 4.2 (0.3–98) 2.6 (0.3–72)

p,p’-DDT 16 (2.7–273) 10 (2.0–165) 12 (2.1–177) 10 (2.0–193) 10 (0.9–140) 13 (1.3–250) 4.4 (2.0–29) 4.2 (2.2–20)

p,p’-DDE 466 (9.4–8189) 238 (13–3251) 414 (1.4–4337) 282 (1.5–7727) 460 (13–7000) 470 (27–8300) 190 (18.9–2834) 150 (13.1–2789)

HCB 104 (1.6–1656) 54 (1.6–993) 97 (1.7–1147) 71 (1.4–1773) 51 (1.6–1200) 64 (4.1–1200) 26 (1.3–171) 21 (2.0–199)

β-HCH 28 (0.8–382) 13 (0.8–517) 19 (0.7–360) 12 (0.6–248) 8.1 (0.8–130) 8.1 (0.7–200) 3.9 (0.6–37) 3.5 (0.6–30)

Mirex 16 (0.8–227) 6.0 (0.6–152) 14 (0.5–720) 6.0 (0.5–734) 13 (0.5–290) 8.7 (0.6–640) 7.2 (0.6–103) 3.3 (0.6–55)

Toxaphene 
Parlar 26

20 (0.3–655) 8.5 (0.3–271) 20 (0.3–401) 14 (0.4–580) 11 (0.2–410) 15 (0.4–510) 2.7 (0.3–138) 1.8 (0.3–42)

Toxaphene 
Parlar 50

28 (0.3–855) 12 (0.3–367) 28 (0.3–433) 19 (0.4–725) 20 (0.2–720) 26 (0.4–890) 3.9 (0.3–185) 2.5 (0.3–60)

PCB99 28 (1.7–255) 14 (1.6–258) 26 (1.8–540) 18 (1.7–649) 23 (0.5–530) 26 (1.4–850) 9.2 (1.7–151) 6.5 (1.7–99)

PCB118 28 (0.8–619) 16 (0.8–240) 20 (0.7–486) 17 (0.7–631) 18 (0.5–500) 24 (1.9–710) 11 (0.7–116) 9.0 (0.7–167)

PCB138 69 (0.9–855) 30 (0.8–445) 69 (0.7–1273) 43 (0.8–1985) 77 (3.0–1400) 73 (3.7–2500) 39 (0.7–672) 24 (1.0–436)

PCB153 148 (1.9–2730) 62 (0.8–4408) 195 (0.7–5747) 106 (0.8–6181) 190 (6.3–3400) 160 (5.7–5800) 112 (1.3–1622) 61 (2.2–1291)

PCB180 70 (2.2–1346) 26 (0.8–3040) 109 (0.8–4766) 51 (0.9–4765) 110 (6.2–1900) 75 (3.3–3500) 94 (0.7–927) 44 (1.1–904)

PBDE47 6.6 (1.7–250) 8.8 (1.7–675) 7.9 (1.5–1587) 7.9 (1.4–518) 5.9 (1.6–100) 5.9 (1.3–340) 9.6 (1.2–570) 7.1 (1.6–215)

PBDE99 2.3 (1.1–75) 2.8 (1.0–184) 2.4 (0.7–312) 2.4 (0.7–137) –a –a 2.9 (1.1–255) 2.3 (0.9–42)

PBDE100 2.1 (1.1–48) 2.5 (1.0–127) 2.4 (0.7–227) 2.3 (0.7–379) –a –a 2.6 (0.8–122) 2.2 (0.9–76)

PBDE153 4.7 (1.1–82) 3.5 (1.0–225)b 5.7 (1.2–235)c 3.4 (1.1–84)d 4.0 (1.1–140) 2.1 (1.1–60) 6.9 (1.4–48) 3.7 (1.1–151)e

PBDE209 27.5 (3.9–702)f 19.8 (3.5–2252)g 27.8 (4.4–6953)h 18.6 (4.0–6001)i na na 8.7 (2.8–370) 6.8 (3.1–202)j

aOver 60% of samples below the limit of detection, so data not reported; bn=186 (2008 only); cn=191 (2008 only); dn=281 (2008 only); en=166 (2008 only); 
fn=91 (2008 only); gn=181 (2008 only); hn=187 (2008 only); in=277 (2008 only); jn=164 (2008 only).
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between 1992 and 2013 with data available from 11 points 
during this period (Table 3.7). Decreasing concentrations of 
contaminants over time are observed (see Appendix Fig. A3.1 
for graphical illustrations of this change). Overall, levels of 
POPs have declined by an average of 80% in the 20 years 
that biomonitoring has taken place in Nunavik. For example, 

maternal blood concentrations of POPs have decreased 64% 
for trans-nonachlor and 83% for PCB138.

Trends in concentration for some POPs can be extended back 
to 1987 (Dewailly et al. 1989) and 1989–1990 (Dewailly et al. 
2000), when 24 and 109 breast milk samples were collected from 
Inuit women in Nunavik, respectively (Appendix Fig. A3.1). In 
1989–1990, mean concentrations in breast milk samples were 
962 μg/kg for p,p’-DDE, 107 μg/kg for HCB, and approximately 
14 μg/kg for Mirex. In blood, the most recent measurements 
for p,p’-DDE, HCB and Mirex have shown a decline to 130, 20, 
and 3.0 μg/kg plasma lipid, respectively. Some caution should 
be used in interpreting blood plasma and milk concentrations 
together because, although concentrations between these 
compartments are strongly correlated for many OCs (Anda et 
al. 2007), the assumption that mean concentrations in blood 
and milk samples are equal (Aylward et al. 2003) may not be 
true for all POPs as noted in several recent studies (Lakind et al. 
2009; Mannetje et al. 2012). There is a strong trend nonetheless 
that POPs in general are significantly declining over time in 
Nunavik, and the average annual decrease is often between 
4% and 8%. It may be that successful international action has 
caused the levels of PCBs in the Arctic environment to decrease 
appreciably over the past 20 years (Muir et al. 1999; Braune et al. 
2005; Gamberg et al. 2005). Although not presented here, a 
trend of declining POPs concentrations has also been observed 
in other regions of the Canadian Arctic, such as in the blood 
of Inuit mothers in Baffin (Nunavut) and the Inuvik Region, 
when comparing follow-up studies to early baseline studies 
conducted in the 1990s (AMAP 2009; Donaldson et al. 2010a).

Table 3.8 compares data for pregnant women from 2004, 2012 
and 2013 for a select number of contaminants for which there are 
limited data over the past 20 years. Comparisons were made on 
a lipid basis (toxaphene and PBDEs), and on a wet weight basis 
(pentachlorophenol, PCP; PFOS and PFOA). All POPs showed 
distinct declines between 2004 and 2012 by roughly a factor of 2, 
while concentrations between 2012 and 2013 were fairly similar. 
The exception is PBDE153, which increased between 2004 and 
2012. Note that p-values were based on data adjusted by age and 
region (Hudson Bay and Ungava Bay). 

Table 3.6 Concentrations of POPs in children from the Nunavik Child 
Development Study, Canada. POPs and OCs are in μg/kg plasma lipid. 
PFCs, TBBPA and PCP are in μg/L whole blood. Source: Dewailly pers. 
comm. (2014); Ayotte pers. comm. (2014).

2000–2002 2005–2007

Mean age (range) 5.4 (4.7–6.2) 11.3 (10.2–14.3)

Sample size n=93 n=93

Oxychlordane 40 (2.9–620) 24 (0.5–240)

trans-Nonachlor 56 (4.1–710) 40 (1.4–350)

p,p’-DDT 7.8 (1.7–95) 4.5 (1.2–31)

p,p’-DDE 290 (38–3100) 170 (23–1800)

HCB 47 (10–280) 26 (4.2– 150)

β-HCH 6.6 (1.9–44) 3.1 (0.6–21)

Mirex 4.1 (1.1–72) 2.3 (0.6–29)

Toxaphene Parlar 26 na 3.1 (0.4–23)

Toxaphene Parlar 50 na 5.1 (0.4–35)

PCB99 19 (2.2–210) 8.8 (0.8–84)

PCB118 16 (1.8–130) 8.4 (0.8–50)

PCB138 54 (7.4–590) 23 (2.3–180)

PCB153 84 (7.5–1500) 45 (3.5–430)

PCB180 31 (2.6– 520) 18 (1.0–220)

PBDE47 na 14 (2.5–710)

PBDE99 na 4.0 (1.4–190)

PBDE100 na 3.4 (1.2–110)

PBDE153 na 6.0 (0.6–120)

PFOS na 9.2 (1.9–32)

PFOA na 2.5 (1.1–12)

TBBPA na 0.01 (0.01–0.05)

PCP na 1.4 (0.3–15)

1992 1996 1997 1998 1999

Mean age (range) 24 (18–35) 24 (17–34) 25 (15–41) 25 (15–37) 26 (17–36)

Sample size n=11 n=25 n=53 n=46 n=26

Oxychlordane 77 (32–240) 41 (6.1–180) 48 (8.6–390) 34 (7.0–340) 47 (15–140)

trans-Nonachlor 114 (49–320) 66 (15–250) 75 (14–330) 55 (17–580) 61 (21–170)

cis-Nonachlor 28 (11–84) 14 (5.8–40) 16 (3.7–61) 9.6 (<LOD–110) 13 (<LOD –31)

p,p’–DDT 26 (9.5–96) 17 (4.2–63) 18 (<LOD–86) 13 (<LOD –130) 8.6 (<LOD –46)

p,p’-DDE 640 (292–1600) 290 (71–1000) 370 (59–1400) 270 (67–2300) 290 (140–900)

HCB 95 (47–220) 41 (15–120) 51 (9.2–190) 36 (6.7–350) 37 (15–100)

β-HCH 12 (2.3–30) 4.7 (<LOD–14) 6.5 (<LOD–24) 5.3 (<LOD –31) 5.4 (<LOD –11)

Mirex 13 (5.6–29) 10 (2.3–36) 10 (<LOD–60) 6.5 (<LOD–32) 9.7 (<LOD–39)

PCB138  110 (45–220) 58 (10–210) 69 (12–310) 46 (13–390) 62 (17–220)

PCB153  170 (71–290) 110 (19–410) 130 (23–610) 83 (83–710) 120 (29–470)

PCB180  90 (34–150) 43 (7.6–190) 51 (11–220) 35 (12–280) 53 (14–380)

LOD: Limit of detection. For statistical purposes, values <LOD were replaced by LOD/2. aSpecial analysis: Pereg pers. comm. (2007) and Dewailly pers. comm. (2014) using regression adjusted for age and region (Hudson or Ungava) and smoking status (smoker vs. non-smoker).

Table 3.7 Trends in POPs concentrations in pregnant Inuit women from Nunavik, Canada. Data presented as geometric means (range) in μg/kg plasma lipid. Results presented only for contaminants with more than 60% of data detected. Source: Dewailly pers. comm. (2014); Ayotte pers. comm. (2014).
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2000 2001 2004 2007 2012 2013 p<0.05a

26 (17–39) 27 (17–39) 27 (18–42) 24 (18–37) 24 (18–39) 24 (18–41)

n=36 n=20 n=29 n=39 n=112 n=95

40 (7.5–210) 36 (8.2–130) 35 (<LOD–230) 22 (<LOD–180) 20 (<LOD–120) 22 (0.9–130) <0.0001

61 (13–300) 53 (12–200) 66 (14–410) 44 (2.5–260) 37 (<LOD–220) 42 (2.0–220) <0.0001

14 (1.7–66) 9.6 (<LOD–35) 10 (2.3–62) 7.0 (<LOD–42) 5.3 (<LOD–41) 5.9 (<LOD–29) <0.0001 

11.3 (<LOD–68) 6.6 (<LOD–38) 9.1 (<LOD–44) 5.5 (<LOD–50) 4.4 (<LOD–33) na <0.0001

270 (64–1300) 230 (54–1700) 230 (55–930) 150 (30–720) 123 (11–520) 130 (22–480) <0.0001

37 (12–110) 34 (11–140) 36 (8.9–170) 22 (5.1–83) 18 (<LOD–110) 20 (<LOD–92) <0.0001

5.6 (<LOD–16) na 4.4 (0.8–23) 3.8 (1.1–26) 2.4 (<LOD–16) 2.4 (LOD–19) <0.0001

9.2 (<LOD–47) 7.3 (<LOD–30) 4.0 (<LOD–24) 2.0 (<LOD–16) 3.0 (<LOD–19) 3.0 (<LOD–24) <0.0001

56 (7.9–300) 53 (11–170) 37 (8.6–120) 22 (3.0–91) 17 (<LOD–77) 19 (2.0–120) <0.0001 

97 (15–500) 82 (16–420) 72 (32–250) 40 (4.5–220) 39 (2.4–230) 40 (3.5–320) <0.0001 

42 (5.0–260) 44 (7.5–240) 32 (4.9–130) 16 (2.0–95) 17 (<LOD–160) 17 (1.7–200) <0.0001 

LOD: Limit of detection. For statistical purposes, values <LOD were replaced by LOD/2. aSpecial analysis: Pereg pers. comm. (2007) and Dewailly pers. comm. (2014) using regression adjusted for age and region (Hudson or Ungava) and smoking status (smoker vs. non-smoker).

Table 3.7 Trends in POPs concentrations in pregnant Inuit women from Nunavik, Canada. Data presented as geometric means (range) in μg/kg plasma lipid. Results presented only for contaminants with more than 60% of data detected. Source: Dewailly pers. comm. (2014); Ayotte pers. comm. (2014).

Table 3.8 Time series of POPs concentrations in pregnant Inuit women from Nunavik, Canada. Data presented as geometric means (range). Results 
presented only for contaminants with more than 60% of data detected. Concentrations of toxaphenes and PBDEs presented in μg/kg plasma lipids. 
Concentrations of PFOS, PFOA and PCP presented in μg/L whole blood. Source: Dewailly pers. comm. (2014); Ayotte pers. comm. (2014).

2004 2012 2013 p<0.05a

Mean age (range) 27 (18–42) 24 (18–39) 24 (18–41)

Sample size n=31 n=112 n=95

Toxaphene Parlar 26 9.8 (<LOD–70) 4.5 (<LOD– 49) 5.8 (<LOD–47) 0.0252

Toxaphene Parlar 50 17 (<LOD–133) 7.1 (<LOD–65) 9.1 (<LOD–63) 0.008

PBDE47 7.7 (<LOD–33) <LOD na

PBDE153 2.0 (<LOD–12) 2.9 (<LOD–15) na 0.0399b

PFOS 9.8 (3.1–20) 3.9 (0.7–23) na <0.0001b

PFOA na 0.7 (0.2–2.4) na

PCP 0.5 (0.2–1.5) 0.3 (<LOD–1.8) na <0.0001b

LOD: Limit of detection. For statistical purposes, values <LOD were replaced by LOD/2. aSpecial analysis: Dewailly pers. comm. (2014) based on orthogonal 
polynomial contrast, adjusted for age, region (Hudson and Ungava).  bP-value based on ANOVA test, adjusted for age and region.

3.4.2.2 Metals

Concentrations of metals among WCBA are presented in 
Table 3.9. Concentrations of metals appear to be highest in the 
Nunavik region, and lowest in the Nunatsiavut region, which are 
similar to concentrations in the Inuvialuit Settlement Region. 
Mean Hg concentrations in Nunavik are four-fold higher than 
in the Nunatsiavut and Inuvialuit Settlement regions, while only 
two-fold higher than in Nunavut. Concentrations of Pb and Se 
are only slightly lower in the Inuvialuit Settlement Region and 
Nunatsiavut region compared to Nunavut and Nunavik, which 
are both quite similar.

While the consumption of dried caribou meat and Arctic char 
meat by participants from the IHS was approximately ten-fold 
higher than for ringed seal liver (by weight), these were not the 
main source of Hg intake among traditional foods reported 
during the IHS. Despite the small quantity of ringed seal liver 
consumed by Inuit in this study, it was the largest source for 
Hg (59%), with Arctic char meat the second highest dietary 
source at 8.4% (Laird et al. 2013b).

Like other Inuit regions in northern Canada, caribou meat 
and Arctic char were also consumed in higher quantities (by 
weight) than other traditional foods by Inuit from Nunavik 
(Lemire et al. 2015). In Nunavik, where traditional beluga 
hunting takes place, the main source of Hg intake is beluga 
nikku and meat,  particularly for Inuit in the Hudson Strait 
region. Seal liver was also an important exposure source for 
Hg (Lemire et al. 2015).

Concentrations of Hg and Pb among men (Table 3.10) were 
generally higher than among all women and WCBA (Table 3.9) 
across the four Inuit regions of northern Canada, sometimes 
by as much as two-fold. However, in Nunavik, women’s Hg 
concentrations slightly exceeded men’s, although men reported 
consuming significantly higher amounts of traditional foods (by 
weight) (Lemire et al. 2015). Selenium concentrations appeared 
similar between men and all women in each region. WCBA had 
lower concentrations of metals compared to all women, who 
had a higher mean age.

29Chapter 3 · Levels and trends of contaminants in humans



Among NCDS children from Nunavik (Table 3.11), 
concentrations of metals are much lower among 11-year olds 
than 5-year olds. At 5 years, Hg levels were 5.9 μg/L whole 
blood but declined to 3.2 μg/L whole blood by 11 years. Lead 
also declined from 41 to 22 μg/L over that time frame. A similar 
decline was observed for Se, which decreased from 330 to 
190 μg/L. Selenium is known to have been constant over time 
in the environment, so the decline in blood Se in children may 
be a sign of decreased ingestion of traditional food between 5 
and 11 years of age, or the expected dilution due to body growth.

Temporal trends for metals are presented in Table 3.12, using 
new biomonitoring data from the Nunavik monitoring program 
conducted in the Ungava Bay and Hudson Bay regions among 
pregnant women from 2011–2013, combined with previous 
datasets collected since 1992. Since 1992, significant declines 
in concentrations of metals have been observed among Inuit 
in Nunavik. Mercury decreased by 59% with an average 
annual decrease of 4%. The decrease in maternal blood Pb 
concentrations is less consistent than for Hg, showing an 

irregular pattern of increases and decreases. There is, however, 
a strong decrease after the temporary lead shot ban in 1998.

Selenium concentrations have decreased over time but not 
nearly to the same degree as for Hg and Pb, although most 
recent Se concentrations actually appear to have risen slightly. 
It is interesting to note the differences in the trends for Hg and 
Se, as shown in Fig. 3.1. The divergence between decreasing Hg 
and increasing Se concentrations could indicate a transition in 
diet to one that includes food items containing less Hg but the 
same level of Se. Traditional foods represent the main source 
of intake of Hg, with some food items containing more Hg 
than others, but almost all traditional foods also provide a rich 
source of Se as well as several vitamins, minerals and fatty acids. 
Despite a significant decrease in consumption of traditional 
foods between 1992 and 2004 (Blanchet and Rochette 2008), 
concentrations of Se remain high in Nunavik. When compared 
to the general population of Canada, Se levels are higher among 
northern populations of the Canadian Arctic. 

3.4.2.3 Conclusion

There appears to be a distinct pattern in the concentrations 
of contaminants across the Canadian Arctic, with the highest 
mean concentrations of most POPs and metals observed in 
the Inuit populations of the Nunavut and Nunavik regions – 
regions with high consumption of marine mammals such as 
beluga and ringed seal. In regions where time trend data are 
available, concentrations of many POPs and metals appear to 
be decreasing. Despite this decrease, concentrations of most 
POPs and metals are still appreciably higher among Inuit in 
northern Canada than in the general population of Canada 
(Health Canada 2010, 2013). PBDEs may be an exception, as 
adult men and women from the four Canadian Arctic regions 

Table 3.9 Blood concentrations of metals in Inuit women of childbearing age across the Canadian Arctic. Data presented as geometric means (range), 
in μg/L whole blood. Source: Chan (2012a,b,c); Dewailly pers. comm. (2014); Ayotte pers. comm. (2014).

Inuvialuit Settlement Region Nunavut Nunavik Nunatsiavut

2007–2008 2007–2008 2004 2007–2008

Mean age (range) 28 (18–39) 28(18–39) 28.1 (18–39) 30 (20–39)

Sample size n=74 n=491 n=283 n=60

Total Hg 2.1 (0.5–39) 5.0 (0.5–52) 8.4 (0.2–160) 1.7 (0.1–25)

Pb 18.2 (4.5–92) 21.9 (5.1–290) 27 (6.6–210) 15.1 (5.6–63)

Se 238 (150–550) 286 (85–2000) 280 (91–1300) 191 (140–530)

Table 3.10 Blood concentrations of metals in Inuit men and women across the Canadian Arctic. Data presented as geometric means (range), in μg/L 
whole blood. Source: Chan (2012a,b,c); Dewailly pers. comm. (2014); Ayotte pers. comm. (2014).

Inuvialuit Settlement Region Nunavut Nunavik Nunatsiavut

Men Women Men Women Men Women Men Women

2007–2008 2007–2008 2007–2008 2007–2008 2004 2004 2007–2008 2007–2008

Mean age 
(range)

46.2 (18–81) 42.6 (18–90) 42.2 (18–89) 40.7 (18–90) 37 (18–74) 37.3 (18–74) 45.7 (18–89) 43.4 (20–79)

Sample size n=92 n=187 n=650 n=977 n=408 n=506 n=98 n=165

Total Hg 5.6 (0.3–50) 4.1 (0.1–55) 9.4 (0.1–110) 7.9 (0.1–130) 9.2 (0.1–240) 12 (0.2–160) 4.2 (0.2–50) 2.8 (0.1–25)

Pb 44.5 (8.1–220) 27.6 (4.5–190) 46.1 (7.4–380) 32.2 (5.1–400) 46 (9.1–500) 34 (5.8–310) 40.1 (8.4–170) 22.4 (5.6–160)

Se 317 (160–1300) 293 (150–1200) 348 (130–2800) 342 (85–2500) 280 (130–3500) 300 (120–2400) 233 (150–1500) 204 (140–960)

Table 3.11 Concentrations of metals in children from the Nunavik Child 
Development Study, Canada. Data presented as geometric means (range), 
in μg/L whole blood. Source: Dewailly pers. comm. (2014); Ayotte pers. 
comm. (2014).

2000–2002 2005–2007

Mean age (range) 5.4 (4.7–6.2) 11.3 (10.2–14.3)

Sample size n=93 n=93

Total Hg 5.9 (0.2–38) 3.2 (0.1–28)

Pb 41 (10–370) 22 (5.0–130)

Se 330 (160–2600) 190 (71–750)
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have lower mean concentrations of PBDE47 than the general 
population of Canada, and concentrations of PBDE153 were 
significantly higher in first-time mothers from southern Canada 
compared with women from Nunavut and the Northwest 
Territories. Moreover, mean concentrations of several PBDEs 
were similar across the Canadian Arctic, particularly between 
adult populations from the Inuvialuit Settlement Region, 
Nunavut and the Nunatsiavut region.

3.4.3 Greenland

Greenland is home to an extensive biomonitoring network, and 
several studies have been carried out with the cooperation of 
Greenland Inuit and other Greenlanders to monitor levels of 
contaminants in a population historically subject to some of 
the highest concentrations of POPs and metals in the Arctic.

The Inuit Health in Transition study is a general health 
study among adults (18+ years) in Greenland (Nielsen et al. 

2012; Bjerregaard et al. 2013; Valera et al. 2013c). The study 
was carried out between 2005 and 2010 and included nine 
towns and 13 villages representing all geographical areas and 
community sizes (Bjerregaard 2010). For analytical purposes, 
the sample sites can be divided into five areas: Avanersuaq 
(Qaanaaq and villages 2010), North-west Greenland (Aasiaat 
2005–2006, Qasigiannguit 2005, Upernavik and villages 2006), 
South-west Greenland (Qaqortoq 2005–2006, Maniitsoq and 
villages 2006–2009, villages in Nanortalik and Narsaq districts 
2007), East Greenland (Tasiilaq and villages 2008) and Nuuk 
(2007) (see Chap. 1, Fig. 1.1). PCBs and OCs were measured in 
approximately 1900 adult Inuit, and Hg and Se were measured 
in about 3000 adult Inuit. Data were obtained on 15 PCB 
congeners, 11 pesticides, Hg and Se.

A birth cohort including 598 pregnant women and 440 male 
spouses from Greenland was established in 2002–2004 as 
part of the INUENDO study (Toft et al. 2005). The study 
involved collection of detailed information on lifestyle factors 
and reproductive history. Several persistent environmental 
contaminants were measured in a subset of these pregnant 
women and male partners, including PCB153, p,p’-DDE, HCB, 
Hg, Pb, Cd, and a series of PBDEs and PFCs.

The Adaptation to Climate Change, Environmental Pollution, 
and Dietary Transition (ACCEPT) project is a new Greenlandic 
mother-child cohort study, which began in 2010–2011, restarted 
in 2013 and is still ongoing, recently including data for 2015. 
This section presents initial data from 2010–2011 and some 
from 2013. The aim of the ACCEPT project is to establish a 
geographically widespread, Greenlandic mother-child cohort 
study compatible with international cohorts, to detect and 
explore the interactions and possible health outcomes of 
environmental contaminants, changes to traditional lifestyle, 
and global climate change. It includes a follow-up on the 
children at age 4–5 years (see Long et al. 2015).

3.4.3.1 Persistent organic pollutants

The Inuit Health in Transition study found three PCB congeners 
(PCB138, PCB153, PCB180) in high concentrations in both men 
and women across all age groups (≥112.4 μg/kg plasma lipid in 
men and ≥81.2 μg/kg plasma lipid in women) and increased 
significantly with increasing age. PCB99, PCB118, PCB153, 
PCB170 and PCB187 were also present in high levels in the 

Table 3.12 Trends in metals concentrations in pregnant Inuit women from Nunavik, Canada. Data presented as geometric means (range), in μg/L whole 
blood. Results presented only for contaminants with more than 60% of data detected. Source: Dewailly pers. comm. (2014); Ayotte pers. comm. (2014).

1992 1996 1997 1998 1999 2000 2001 2004 2007 2012 2013 p<0.05a

Mean age 
(range)

24 
(18–35)

24 
(17–34)

25 
(15–41)

25 
(15–37)

26 
(17–36)

26 
(17–39)

27 
(17–39)

27 
(18–42)

24 
(18–37)

24 
(18–39)

24 
(18–41)

Sample 
size

n=11 n=25 n=53 n=27 n=16 n=29 n=19 n=31 n=42 n=111 n=95

Total Hg 12 
(3.6–33)

13 
(4.2–29)

11 
(3.8–44)

7.2 
(3.2–27)

8.5 
(2.6–31)

9.0 
(1.8–38)

9.9 
(1.6–33)

7.6 
(1.2–30)

4.0 
(0.7–24)

5.0 
(0.2–40)

5.2 
(0.3–32)

<0.0001

Pb 41 
(8.3–170)

48 
(17–140)

56 
(10–260)

54 
(27–130)

53 
(19–110)

44 
(10–140)

33 
(5.2–130)

19 
(5.8–85)

16 
(6.6–77)

13 
(2.7–230)

14 
(4.2–62)

<0.0001

Se na 370 
(190–620)

320 
(190–980)

290 
(180–470)

300 
(150–580)

340 
(190–1200)

260 
(200–390)

270 
(130–700)

230 
(134–710)

320 
(120–3000)

300 
(130–1400)

0.0068

aSpecial analysis: Pereg pers. comm. (2007) and Dewailly pers. comm. (2014) using regression adjusted for age and region (Hudson or Ungava) and 
smoking status (smoker vs. non-smoker).
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Figure 3.1 Trends in Hg and Se in maternal blood from Nunavik, Canada. 
Data are presented as geometric means adjusted for age and region 
(Hudson, Ungava) and 95% confidence intervals. Source: Dewailly pers. 
comm. (2014); Ayotte pers. comm. (2014).
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highest age groups (Tables 3.13 and 3.14, see also Appendix 
Tables A3.1 and A3.2). This supports the well-known age-
related bioaccumulation of organochlorine compounds. Among 
the OCs, oxychlordane, HCB, trans-nonachlor and p,p’-DDE 
appeared with the highest geometric mean levels in both sexes 
and all age groups (Bjerregaard et al. 2013; Valera et al. 2013c).

In all geographical areas, the geometric mean levels of PCBs 
were, in general, higher in villages than in towns (Table 3.15). 
Thus, in south-western Greenland the levels of PCB99, PCB105, 
PCB118, PCB138, PCB156, PCB170, PCB180, PCB183, and 
PCB187 in villages were more than twice the levels in towns, 
and PCB153 was more than three times higher (Table 3.15, 
Appendix Table A3.3). The lowest levels were observed in Nuuk. 
This pattern is expected mainly to result from a higher intake of 
a traditional diet based on marine mammals and fish in remote 
areas (Bjerregaard and Jeppesen 2010) and, to a lesser extent, 
age-related differences.

With a few exceptions, the highest levels of OCs were also 
observed in villages (Table 3.15, see also Appendix Tables A3.3 
and A3.4). Among the pesticides with the highest concentrations 
(oxychlordane, HCB, cis-nonachlor, trans-nonachlor and 
p,p’-DDE) the highest geometric means were measured in 
Avanersuaq or in villages in East Greenland (p,p’-DDE). Again 
the lowest levels were observed in Nuuk.

In data provided through the INUENDO study, it was generally 
found that levels of persistent environmental contaminants 
in males were approximately double those in females, except 
for HCB which was roughly the same in both (Table 3.16 and 
3.17). Age and seafood consumption were also related to OC 
and PFOS exposure in Greenland (Jönsson et al. 2005; Lindh 
et al. 2012). PBDEs were determined in serum samples from 
97 men from this population. Age and seafood consumption 
were not significant determinants of PBDE exposure (Lenters 
et al. 2013), but geographical location within Greenland was 

Table 3.13 Concentrations of PCBs and OCs (μg/kg plasma lipid) among Inuit men in Greenland by age group (years). Data presented as geometric 
means (range). Data from the Inuit Health in Transition study, 2005–2010. Source: Bjerregaard et al. (2013); Valera et al. (2013c).

Mean age (range) 24 (18–29) 41 (30–49) 61 (≥50) p

Oxychlordane 69.9 (4.2–750) 204 (5.6–3500) 488 (6.4–4000) <0.001

trans-Nonachlor 141 (7.6–820) 373 (9.8–5000) 797 (12–3500) <0.001

cis-Nonachlor 27.7 (1.0–180) 69.7 (2.0–970) 136 (2.4–560) <0.001

p,p’-DDT 17 (6.0–130) 26.7 (4.0–410) 39.3 (7.0–2300) <0.001

p,p’-DDE 559 (36–3000) 1067 (97–16000) 1816 (70–10000) <0.001

DDE:DDT 33.2 (3.6–300) 39.9 (11.6–190) 46.2 (1.7–235) <0.001

HCB 76.5 (10–360) 174 (8.0–2300) 368 (13–1800) <0.001

β-HCH 11.4 (2.0–110) 28.5 (2.0–530) 52.6 (2.2–440) <0.001

Mirex 12.8 (1.0–110) 35.8 (1.0–760) 90.5 (1.0–720) <0.001

PCB99 33.7 (4.0–230) 63.9 (5.0–1100) 110 (3.5–890) <0.001

PCB118 27.9 (3.0–160) 68.3 (3.1–1300) 154 (5.2–660) <0.001

PCB138 112 (6.5–480) 226 (21–3800) 400 (27–1600) <0.001

PCB153 253 (13–1800) 545 (50–7700) 1048 (54–4600) <0.001

PCB180 134 (5.8–1300) 332 (32–5600) 747 (60.4–300) <0.001

Sample size for OC pesticides: n=856–859; sample size for PCBs: n=796–859.

Table 3.14 Concentrations of PCBs and OCs (μg/kg plasma lipid) among Inuit women in Greenland by age group (years). Data presented as geometric 
means (range). Data from the Inuit Health in Transition study, 2005–2010. Source: Bjerregaard et al. (2013); Valera et al. (2013c).

Mean age (range) 24 (18–29) 40 (30–49) 61 (≥50) p

Oxychlordane 55.8 (5.6–780) 134 (2.0–2100) 436 (11–3600) <0.001

trans-Nonachlor 108 (11–940) 239 (5.0–1500) 695 (31–4000) <0.001

cis-Nonachlor 22 (2.3–180) 45.4 (1.0–330) 119 (5.1–650) <0.001

p,p’-DDT 15.3 (6.0–120) 22.8 (4.1–270) 35.6 (6.0–2000) <0.001

p,p’-DDE 444 (69–3100) 832 (10–6600) 1847 (130–27000) <0.001

DDE:DDT 29.1 (6.9–140) 36.4 (1.2–171) 51.9 (1.8–365) <0.001

HCB 69.5 (13–490) 145 (6.0–910) 391 (36–1700) <0.001

β-HCH 10.2 (1.0–85) 22 (1.6–170) 52.6 (5.1–400) <0.001

Mirex 7.7 (1.0–60) 20.4 (1.0–340) 65 (3.0–610) <0.001

PCB99 26.6 (5.0–250) 51.6 (4.0–450) 110 (2.7–800) <0.001

PCB118 27.8 (3.7–220) 59.2 (2.5–460) 161 (14–1400) <0.001

PCB138 81.2 (16–500) 171 (4.1–1200) 394 (1.0–3500) <0.001

PCB153 170 (28–1400) 382 (7.5–2600) 997 (93–6700) <0.001

PCB180 79.2 (12–720) 204 (4.2–1800) 609 (67–4000) <0.001

Sample size for OC pesticides: n=1051–1053; sample size for PCBs: n=995–1053.
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Table 3.15 Unadjusted concentrations of PCBs and OCs (μg/kg plasma lipid) by region and residence in towns or villages, Greenland. Data presented 
as geometric means. Data from the Inuit Health in Transition study, 2005–2010. Source: Bjerregaard and Jeppesen (2010).

Avanersuaqa North-westb South-westc Eastd Nuuke

Town Villages Towns Villages Towns Villages Town Villages Town

Sample size n=245–246 n=30 n=265–331 n=123–187 n=325–350 n=188–251 n=171–172 n=180 n=125–154

Oxychlordane 347 498 241 450 80.3 289 186 384 59.6

trans-Nonachlor 574 692 449 480 179 513 324 567 134

cis-Nonachlor 99.3 123 74.7 78.1 36.6 98.9 61.7 110 27.3

p,p’-DDT 31.5 40.7 24.3 28.2 14.6 33.7 35.9 67.5 16.2

p,p’-DDE 1206 1519 1227 1283 599 1557 1256 2076 486

DDE:DDT 38.3 37.3 50.6 45.5 41.3 46.1 34.9 30.8 30

HCB 261 344 318 260 108 202 141 275 96.8

β-HCH 48.7 73 30.4 46.7 15.3 31.6 22.7 42.6 15.2

Mirex 40.5 62.6 28.1 46.3 17.4 46.3 35.9 67 11.9

PCB99 78.7 105 75.8 105 31.9 78.5 81.4 129 27.8

PCB118 98.3 138 105 99.6 37.4 94.7 83.5 165 33

PCB138 228 282 256 246 134 329 270 457 99.4

PCB153 591 766 603 774 290 816 603 998 213

PCB180 313 402 323 469 175 492 373 645 122

aQaanaq 2010; bAasiaat 2005–2006, Qasigiannguit 2005, Upernavik 2006; cNanortalik 2007, Qaqortoq 2005–2006, Narsaq 2007, Maniitsoq 2007; 
dTasiilaq 2008; eNuuk 2007.

Table 3.17 Concentrations of POPs in the blood of pregnant Inuit women (2002–2004), Greenland. Mean age 27 years (range 18–42 years). POPs in μg/
kg plasma lipid. PFOS and PFOA in μg/L serum. Data presented as geometric means (range). Data from the INUENDO/Clear project. Source: Jönsson 
et al. (2005); Lindh et al. (2012); Lenters et al. (2013).

Northa Disko Bayb Mid-westc South-westd Southe Eastf All

p,p’-DDE 544 (146–1661) 300 (25.7–2942) 227 (5.2–1648) 201 (5.3–3033) 397 (7.8–2661) 903 (108–3122) 280 (5.2–3122)

HCB 105 (70.1–158) 68.7 (6.0–564) 61.1 (18.3–261) 54.4 (8.4–282) 45.6 (22.2–122) 103 (14–238) 61.2 (6.0–564)

PCB153 179 (50.2–619) 106 (5.3–829) 87.3 (2.6–648) 79.9 (3.3–1306) 166 (23.1–2223) 389 (23.4–1846) 107 (2.6–2223)

PFOS 24.7 (13.5–36.3) 21.6 (8.4–72.9) 20.9 (7.8–73.8) 17.2 (4.1–87.3) 23.2 (9.0–72.4) 30.1 (8.5–86.7) 20.6 (4.1–87.3)

PFOA 1.9 (1.0–4.2) 1.8 (0.5–4.3) 1.7 (0.5–4.2) 1.9 (0.5–5.1) 1.7 (0.7–4.9) 1.6 (0.8–3.9) 1.8 (0.5–5.1)

Sample sizes for PCB, p,p’-DDE and PFCs: North (n=12), Disko Bay (n=178), Mid-west (n=124), South-west (n=167), South (n=58), East (n=33), All 
(n=572); sample sizes for HCB: North (n=2), Disko Bay (n=62), Mid-west (n=41), South-west (n=63), South (n=22), East (n=11), All (n=201). Regions 
include the following towns and nearby settlements: aQaanaaq, Uummannaq; bIlulissat, Aasiaat, Qasigiannguit, Qeqertarsuaq; cSisimiut, Maniitsoq; dNuuk, 
Paamiut; eQaqortoq, Nanortalik, Narsaq; fTasiilaq.

Table 3.16 Concentrations of POPs in the blood of Inuit men (2002–2004), Greenland. Mean age 31 years (range 18–72 years). POPs in μg/kg plasma 
lipid. PFOS and PFOA in μg/L serum. Data presented as geometric means (range). Data from the INUENDO/Clear project. Source: Jönsson et al. (2005); 
Lindh et al. (2012); Lenters et al. (2013); Specht et al. (2015).

Northa Disko Bayb Mid-westc South-westd Southe Eastf All

p,p’-DDE 987 (300–2625) 650 (74.4–4027) 513 (37.6–4802) 315 (4.4–2631) 616 (38.5–2684) 1228 (88.9–13197) 523 (4.4–13197)

HCB na 76.4 (14.7–255) 52.9 (21.2–161) 45.5 (9.5–258) 48.6 (16.4–146) 94.4 (18.6–863) 58.8 (9.5–863)

PCB153 244 (32–623) 231 (15.5–1765) 197 (5.1–1299) 145 (18.4–1698) 266 (39.6–1593) 527 (101–5455) 209 (5.1–5455)

PBDE47 na 1.7 (0.05–6.6) 1.2 (0.02–4.4) 1.7 (0.1–12.5) 2.5 (0.9–8.1) 3.1 (0.8–7.7) 1.8 (0.02–12.5)

PBDE99 na 0.2 (0.01–1.4) 0.3 (0–1.7) 0.2 (0–2.0) 0.4 (0.03–2.6) 0.6 (0.4–1.5) 0.3 (0.02–2.6)

PBDE100 na 0.1 (0.001–1.3) 0.1 (0–1.2) 0.2 (0–1.8) 0.6 (0.04–2.3) 0.8 (0.4–1.6) 0.2 (0–2.3)

PBDE153 na 2.8 (0.03–8.3) 2.0 (0.03–5.5) 3.0 (1.2–22.4) 3.0 (1.5–7.6) 4.0 (2.3–8.7) 2.6 (0.03–22.4)

PFOS na 53.2 (23.8–112) 43.1 (24.1–91.6) 41.3 (12.3–146) 46.5 (20.9–118) 61 (26.8–161) 47.4 (12.3–161)

PFOA na 4.7 (2.2–9.8) 4.6 (2.7–6.5) 4.8 (1.5–10) 4.6 (2.8–13.7) 4.3 (2.3–6.6) 4.6 (1.5–13.7)

Sample sizes for PCB/p,p’-DDE: North (n=10), Disko Bay (n=134), Mid-west (n=90), South-west (n=130), South (n=45), East (n=29), All (n=438); sample 
sizes for HCB: Disko Bay (n=51), Mid-west (n=27), South-west (n=57), South (n=33), East (n=23), All (n=191); sample sizes for PBDEs: Disko Bay 
(n=24), Mid-west (n=17), South-west (n=29), South (n=19), East (n=6), All (n=95); sample sizes for PFCs: Disko Bay (n=52), Mid-west (n=27), South-
west (n=59), South (n=33), East (n=23), All (n=194). Regions include the following towns and nearby settlements: aQaanaaq, Uummannaq; bIlulissat, 
Aasiaat, Qasigiannguit, Qeqertarsuaq; cSisimiut, Maniitsoq; dNuuk, Paamiut; eQaqortoq, Nanortalik, Narsaq; fTasiilaq.
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Table 3.18 Comparison of POPs in pregnant women from different regions in Greenland for 2010–2011 and 2013. Data presented as geometric means 
(range). Data from the ACCEPT project. PCBs, OCs and PBDEs in μg/kg plasma lipid. PFCs in μg/L serum. Source: Long et al. (2015).

North Disko Bay West South East p All districtsa

Mean age (range) 28 (21–35) 27 (19–40) 27 (17–44) 28 (21–41) 33 (31–37) 27 (17–44)

No. individuals 
sampled

n=15 n=50 n=124 n=15 n=3 n=207

No. individuals 
measured

n=15 n=45 n=118 n=13 n=3 n=194

Oxychlordane 41.1 (2.0–470) 25.8 (5.9–110) 13.8 (0.2–130) 20.5 (6.5–55) 104 (61–270) <0.0001 18.4 (0.2–470)

trans-Nonachlor 85.1 (7.6–320) 57.7 (12–220) 35.2 (4.9–400) 41.2 (15–110) 184 (130–320) <0.0001 44.2 (4.9–400)

p,p’-DDT 7.7 (2.5–35) 4.2 (2.0–20) 3.6 (2.0–34) 3.9 (2.5–10) 23.9 (10–68) <0.0001 4.1 (2.0–68)

p,p’-DDE 221 (18–990) 148 (35–430) 112 (16–1100) 135 (39–430) 587 (300–1300) <0.0001 131 (16–1300)

DDE:DDT 28.9 (6.0–76.7) 35.2 (14.3–123) 30.9 (4.6–104) 34.6 (13–123) 24.6 (19.1–30) 0.56 31.8 (4.6–123)

HCB 40.1 (5.8–130) 31.9 (13–100) 21.9 (6.4–170) 24.4 (10–41) 62.8 (47–110) <0.0001 25.6 (5.8–170)

β-HCH 6.0 (0.5–34) 4.6 (0.5–18) 3.8 (0.5–28) 3.9 (1.0–7.8) 12.5 (7.9–25) <0.0001 3.8 (0.5–34)

Mirex 5.8 (1.0–54) 2.8 (0.5–11) 2.6 (0.4–32) 3.4 (1.0–8.6) 17.1 (9.6–40) 0.001 2.9 (0.4–54)

PCB99 16.1 (2.0–91) 9.2 (2.0–37) 6.6 (1.5–61) 8.1 (2.0–20) 45.8 (27–91) <0.0001 8.0 (1.5–91)

PCB118 16.7 (2.4–63) 11.6 (3.5–38) 7.9 (1.5–74) 8.6 (2.8–20) 42.3 (27–100) <0.0001 9.5 (1.5–100)

PCB138 44.5 (4.8–180) 31.1 (8.9–110) 26 (4.0–210) 31.5 (11–82) 146 (81–320) <0.0001 29.4 (4.0–320)

PCB153 99.2 (8.9–950) 62.4 (17–210) 53.7 (11–400) 63.1 (23–180) 288 (160–680) <0.0001 60.5 (8.9–950)

PCB180 49.4 (6.6–810) 27.2 (6.6–80) 27.7 (4.7–220) 29.2 (16–68) 132 (89–290) 0.001 29.6 (4.7–810)

ΣPCB14 324 (57.1–2714) 203 (69.8–593) 184 (55.7–1129) 203 (96.6–469) 837 (507–1839) <0.0001 203 (55.7–2714)

PBDE47 1.7 (1.5–2.5) 1.8 (1.0–12) 1.8 (1.0–13) 2.0 (1.5–4.0) 2.4 (1.5–6.0) 0.572 1.8 (1.0–13)

PBDE99 1.1 (1.0–1.5) 1.1 (0.5–3.0) 1.1 (0.5–2.5) 1.4 (1.0–4.0) 1.3 (1.0–2.0) 0.168 1.2 (0.5–4.0)

PBDE100 1.1 (1.0–1.5) 1.2 (0.5–7.6) 1.2 (0.5–2.5) 1.2 (1.0–1.5) 1.0 (1.0–1.0) 0.761 1.2 (0.5–7.6)

PBDE153 1.7 (1.5–2.5) 1.8 (1.0–10) 1.8 (1.0–5.0) 1.9 (1.5–4.0) 1.5 (1.5–1.5) 0.691 1.8 (1.0–10)

PBB153 1.7 (1.5–3.0) 1.7 (1.0–2.5) 1.7 (1.0–3.5) 1.7 (1.5–2.5) 1.5 (1.5–1.5) 0.872 1.7 (1.0–3.5)

PFCs n=14 n=50 n=122 n=15 n=3 n=204

PFOS 15.8 (4.7–50.7) 12 (3.7–32.8) 9.8 (2.5–61.3) 7.8 (3.2–18) 15.8 (6.1–26.5) 0.001 10.5 (2.5–61.3)

PFHxS 0.9 (0.2–4.5) 0.6 (0.1–1.6) 0.7 (0.2–2.6) 0.6 (0.3–1.4) 1.2 (0.6–2.9) 0.001 0.7 (0.1–4.5)

PFOA 1.0 (0.4–1.8) 1.2 (0.5–3.1) 1.2 (0.3–6.2) 1.1 (0.4–2.4) 0.9 (0.6–1.4) 0.449 1.2 (0.3–6.2)

PFDA 1.3 (0.4–3.3) 0.9 (0.3–2.9) 0.7 (0.1–7.8) 0.6 (0.3–1.1) 1.4 (0.4–4.4) <0.0001 0.8 (0.1–7.8)

The p value is the difference among five regions in Greenland (one-way ANOVA analysis); ΣPCB14 includes PCB28, PCB52, PCB99, PCB101, PCB105, 
PCB118, PCB128, PCB138, PCB153, PCB156, PCB170, PCB180, PCB183, PCB187. aIncludes the 15 Greenland districts.

an important determinant for PFOS and PBDE exposure, with 
higher levels in the southern and eastern regions compared to 
the mid- and south-western region (Lindh et al. 2012; Lenters 
et al. 2013).

In the ACCEPT study, among 14 tested PCB congeners, three 
were in the higher concentration ranges (PCB138, PCB153, 
PCB180; Table 3.18). There were significant differences for 
PCB99, PCB118, PCB138, PCB153 and PCB180 among regions. 
Pregnant women living in the East (Tasiilaq, n=3) and North 
(n=15) had higher PCB levels than other regions. In the West 
and South, the level of the dioxin-like PCB118 was significantly 
lower than in the East and North. The OC showing the highest 
concentrations in the blood of pregnant women pooled from 
all regions of Greenland was p,p’-DDE with a geometric mean 
of 131 μg/kg plasma lipid. Similar to PCBs, higher levels of OCs 
such as oxychlordane, trans-nonachlor, HCB and β-HCH were 
found in pregnant Inuit women living in the East and North 

(Long et al. 2015). These results support a previous report of 
bioaccumulation of POPs in traditional Inuit food in these 
regions (Deutch et al. 2007a).

PBDE47 and PBDE153 were detected in up to 5% of samples 
while PBDE99 and PBDE100 were detected in 1% to 2% of 
samples (Table 3.18). No significant differences were found 
among the different regions of Greenland for all tested PBDEs. 
Among the measured PFCs, only six (PFOS, PFHxS, PFOA, 
PFNA, PFDA, PFUnDA) were detected in all samples and four 
(perfluoroheptane sulfonate, PFHpS; perfluoroheptanoate, 
PFHpA; perfluorododecanoate, PFDoDA; perfluorotridecanoate, 
PFTrDA) were detected in 1.9% to 86.8% of samples, while the 
remaining PFCs were below the detection limit in all samples 
(Table 3.18, see also Appendix Table A3.5). Although there is an 
age difference (ACCEPT mean age 27), these levels are lower 
(PFOS and PFOA, 10.5 and 1.2 μg/L, respectively) than the levels 
found in samples taken across the country during 1997–2006 
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(Nuuk 2000–2002) where female (mean age 49) PFOS and PFOA 
geometric mean levels were 21.0 and 1.5 μg/L serum, respectively 
(Long et al. 2012). The levels are also lower than those found in 
pregnant Danish women during 1996–2002 who had 35.3 and 
5.6 μg/L serum, respectively (Fei et al. 2007). Serum levels of 
PFOS, PFHxS, PFHpS, PFNA, PFDA and PFUnDA in pregnant 
women from the North and East (Tasiilaq) were significantly 
higher than those living in the other regions. Women in the South 
and West had the lowest levels of PFCs (Table 3.18, Appendix 
Table A3.5) (Long et al. 2015).

For pregnant women in Disko Bay, plasma levels of PCB153, 
oxychlordane, and p,p’-DDE in the present study period were 
lower than those reported in the period 1994–2006 (AMAP 
2009). Levels of oxychlordane, p,p’-DDE and PCB153 in Nuuk 
pregnant women in the ACCEPT study were 12, 96 and 47 μg/
kg plasma lipid, which were lower than those found during 
1995–2006 (AMAP 2009; Long et al. 2015). Added to the 
existing time trend data from AMAP (2009), the dataset now 
extends for almost 20 years, showing a general decreasing trend 
in concentration (Fig. 3.2).

A small subset of the Greenland population participating in 
the ACCEPT project had lived for longer in Denmark than in 
Greenland, and thus the participants were defined as Danish 
(n=5). Levels of lipophilic POPs such as OCs and PCBs in 
the Danish pregnant women were much lower than in the 
Greenlandic pregnant women (Table 3.19, see also Appendix 
Table A3.6). However, concentrations of most PBDEs and 
PFCs did not show much difference between the Danish and 
Greenlandic pregnant women. In fact, the Danish pregnant 
women had significantly higher levels of PBDE153.

3.4.3.2 Metals

Concentrations of metals like Pb, Hg, Cd and manganese (Mn) 
did not show much difference between pregnant Danish and 
Greenlandic women, although the blood Se levels of pregnant 
Greenlandic women were higher (Table 3.19). The pooled data of 
metals in blood sampled from the ACCEPT project population 
of pregnant Greenlandic women were detected in 39% (Pb), 85% 
(Hg), 5% (arsenic, As), and 9% (Cd) of the subjects. Pregnant 
women from northern Greenland had significantly higher Hg 
levels than women from the other regions (Table 3.20). However, 
no significant differences were found among regions for Pb, As 
and Cd. The trace elements Se and Mn were detected in 100% and 
97% of subjects, respectively. No significant differences among 
regions were found for these two elements (Long et al. 2015).

From samples collected in the Inuit Health in Transition study 
across Greenland, the geometric mean of Hg ranged from 7.8 to 
28.3 μg/L whole blood among men, and 8.3 to 22.1 μg/L whole 
blood among women (Table 3.21) (Bjerregaard et al. 2013; 
Valera et al. 2013c).

Mercury levels were highest in Avanersuaq, particularly in the 
villages. Again, levels were generally higher in villages than towns 
(Table 3.22, see also Appendix Table A3.7). A remarkable finding 
was a mean concentration of Hg five times higher in villages in the 
East compared with the town, Tasiilaq. Towns in the North-west 
had a relatively high geometric mean level of Hg compared with 
towns in South-west, East and Nuuk. Selenium was also highest in 
Avanersuaq, and almost twice as high in the villages compared to 
the town, Qaanaaq. Likewise, the highest Se levels were observed 
in the villages in the South-west and East compared with towns, 
whereas relatively low levels were measured in Nuuk.

The INUENDO study (Lenters et al. 2015) identified that metal 
levels in males were approximately double those in females, 
except for Cd which was similar in both (Tables 3.23 and 3.24).

For the pregnant women in Disko Bay, the Hg and Pb levels 
were lower in the ACCEPT study period (2010-2011 and 2013) 
than in the previous study period. In Nuuk pregnant women, Pb 

Figure 3.2 Trends in oxychlordane, p,p’-DDE, and PCB153 in pregnant 
women from Disko Bay and Nuuk, Greenland. Most recent data collected 
in the years 2010-2011 and 2013, presented in the 2011 bars.
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Table 3.19 Concentrations of POPs (μg/kg plasma lipids), PFCs (μg/L serum) and metals (μg/kg whole blood) in pregnant Inuit women from Denmark 
and Greenland. Data presented as geometric means (range). Data from the ACCEPT project (2010–2011 and 2013). The district is given by where the 
Inuit lived for the longest time. Source: Long et al. (2015).

Denmark Greenlanda p Allb

Arithmetic mean age (range) 32 (29–41) 27 (17–44) 27 (17–44)

No. individuals sampled n=5 n=207 n=212

No. individuals measured n=5 n=194 n=199

Oxychlordane 2.0 (0.4–6.2) 18.4 (0.2–470) <0.0001 17.4 (0.2–470)

trans-Nonachlor 3.9 (0.5–15) 44.2 (4.9–400) <0.0001 41.6 (0.5–400)

p,p’-DDT 3.1 (2.0–5.0) 4.1 (2.0–68) 0.35 4.1 (2.0–68)

p,p’-DDE 47.1 (28–65) 131 (16–1300) 0.005 127 (16–1300)

DDE:DDT 15 (8.0–32.5) 31.8 (4.6–123) 0.004 31.2 (4.6–123)

HCB 11.5 (6.7–14) 25.6 (5.8–170) 0.006 25.1 (5.8–170)

β-HCH 2.9 (1.9–5.3) 3.8 (0.5–34) 0.45 3.8 (0.5–34)

Mirex 0.7 (0.4–1.8) 2.9 (0.4–54) 0.002 2.8 (0.4–54)

PCB99 3.0 (2.0–4.7) 8.0 (1.5–91) 0.01 7.8 (1.5–91)

PCB118 3.9 (1.6–5.3) 9.5 (1.5–100) 0.01 9.2 (1.5–100)

PCB138 13.1 (5.8–21) 29.4 (4.0–320) 0.02 28.8 (4.0–320)

PCB153 24.2 (9.6–41) 60.5 (8.9–950) 0.01 59.1 (8.9–950)

PCB180 13.4 (4.6–25) 29.6 (4.7–810) 0.03 29.0 (4.6–810)

ΣPCB14 99.2 (53.6–140) 203 (55.7–2714) 0.02 199 (53.6–2714)

PBDE47 1.8 (1.0–3.0) 1.8 (1.0–13) 0.9 1.8 (1.0–13)

PBDE99 1.4 (1.0–2.0) 1.2 (0.5–4.0) 0.2 1.2 (0.5–4.0)

PBDE100 1.4 (1.0–2.0) 1.2 (0.5–7.6) 0.22 1.2 (0.5–7.6)

PBDE153 2.9 (1.0–23) 1.8 (1.0–10) 0.001 1.8 (1.0–23)

PBB153 1.8 (1.0–3.0) 1.7 (1.0–3.5) 0.74 1.7 (1.0–3.5)

PFCs n=5 n=204 n=209

PFOS 10.8 (5.6–21.9) 10.5 (2.5–61.3) 0.28 10.5 (2.5–61.3)

PFHxS 0.6 (0.4–0.8) 0.7 (0.1–4.5) 0.33 0.7 (0.1–4.5)

PFHpS 0.2 (0.1–0.3) 0.2 (0.1–1.4) 0.39 0.2 (0.1–1.4)

PFOA 1.4 (0.8–2.3) 1.2 (0.3–6.2) 0.68 1.2 (0.3–6.2)

PFNA 1.1 (0.8–1.9) 1.3 (0.4–7.7) 0.3 1.3 (0.4–7.7)

PFHpA 0.04 (0.03–0.09) 0.03 (0.03–0.3) 0.96 0.03 (0.03–0.3)

PFDA 0.7 (0.5–1.6) 0.8 (0.1–7.8) 0.29 0.8 (0.1–7.8)

PFUnA 1.8 (0.7–6.6) 1.7 (0.2–18.2) 0.26 1.7 (0.2–18.2)

PFDoA 0.4 (0.2–0.7) 0.3 (0.2–1.8) 0.21 0.3 (0.2–1.8)

PFTrA 0.2 (0.2–0.2) 0.2 (0.2–0.9) 0.21 0.2 (0.2–0.9)

Metals n=5 n=202 n=207

Hg 2.0 (1.0–7.0) 3.6 (0–70) 0.22 3.6 (0–70)

Pb 9.0 (5.0–20) 7.0 (10–50) 0.41 7.0 (1.0–50)

Cd 0.9 (0–1.0) 0.9 (0–10) 0.84 0.9 (0–10)

Se 80 (50–130) 120 (40–2660) 0.19 120 (40–2660)

As 0 (0) 3.0 (0–33) 0.99 3.0 (0–33)

aIncludes the 15 Greenland districts; bincludes the 15 Greenland regions and Denmark. ΣPCB14 includes PCB28, PCB52, PCB99, PCB101, PCB105, 
PCB118, PCB128, PCB138, PCB153, PCB156, PCB170, PCB180, PCB183, PCB187. 
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Table 3.20 Concentrations of metals (μg/kg whole blood) in pregnant Inuit women, Greenland. Data presented as geometric means (range). Data from 
the ACCEPT project (2010–2011 and 2013). Source: Long et al. (2015).

Northa Disko Bayb Westc Southd Easte p Allf

Mean age (range) 28 (21–35) 27 (19–40) 27 (17–44) 28 (21–41) 33 (31–37) 27 (17–44)

No. individuals sampled n=15 n=50 n=124 n=15 n=3 n=207

No. individuals measured n=14 n=49 n=121 n=15 n=3 n=202

Hg 8.0 (2.0–50) 4.0 (1.0–10) 3.1 (0–70) 4.0 (0.2–16) 7.0 (3.0–16) 0.02 3.6 (0–70)

Pb 7.0 (1.0–40) 7.0 (2.0–30) 7.0 (1.0–50) 7.0 (3.0–30) 6.0 (1.0–20) 0.97 7.0 (1.0–50)

Cd 0.5 (0–4.0) 1.0 (0–10) 0.9 (0–7.4) 1.1 (0–4.5) 0.7 (0–0.7) 0.36 0.9 (0–10)

Se 160 (60–1040) 110 (60–360) 120 (40–2660) 110 (70–250) 140 (90–190) 0.38 120 (40–2660)

As 3.0 (0–6.0) 3.0 (0–30) 3.0 (0–30) 3.0 (0–7.0) 3.0 (0–5.0) 0.99 3.0 (0–30)

The p value is the difference among five regions in Greenland (one-way ANOVA analysis). aQaanaaq, Upernavik, Uummannaq; b Ilulisat, Qasigiannguit, 
Qeqertarsuaq, Aasiaat; c Sisimiut, Maniitoq, Nuuk, Paamiut; dNanortalik, Narsaq, Qaqortoq; eTasiilaq. fIncludes the 15 Greenland districts.

Table 3.22 Unadjusted concentrations of total Hg and Se (μg/L whole blood) by region and residence in towns or villages, Greenland. Data presented as 
geometric means. Data from the Inuit Health in Transition study, 2005–2010. Source: Nielsen et al. (2012).

Avanersuaqa North-westb South-westc Eastd Nuuke

Town Villages Towns Villages Towns Villages Town Villages Town

n=246 n=30 n=576–578 n=244 n=897–902 n=283 n=172 n=179 n=430–441

Total Hg 72.6 89.4 17.9 47.1 8.7 22.4 9.4 47.1 6.1

Se 745 1331 238 318 262 400 184 265 209

aQaanaaq 2010; bAasiaat 2005–2006, Qasigiannguit 2005, Upernavik 2006; cNanortalik 2007, Qaqortoq 2005–2006, Narsaq 2007, Maniitsoq 2007; dTasiilaq 
2008; eNuuk 2007.

Table 3.21 Concentrations of total Hg and Se (μg/L whole blood) among Inuit men and women by age group (years), Greenland. Data presented as 
geometric means (range). Data from the Inuit Health in Transition study, 2005–2010. Source: Nielsen et al. (2012).

Men Women

Mean age in category (range) 24 (18–29) 41 (30–49) 61 (≥50) p 24 (18–29) 40 (30–49) 61 (≥50) p

Total Hg 7.8 (0.1–160) 17 (0.4–490) 28.3 (0.1–400) <0.001 8.3 (0.1–120) 12.9 (0.1–230) 22.1 (0.1–320) <0.001

Se 188 (70–2600) 280 (77–4800) 352 (82–5600) <0.001 203 (84–1600) 266 (68–4800) 374 (71–4400) <0.001

Sample size for men: Total Hg (n=1375), Se (n=1366); sample size for women: Total Hg (n=1730), Se (n=1721).

Table 3.23 Concentrations of metals (μg/kg whole blood) in Inuit men (2002–2004) by geographical area, Greenland. Mean age 31 years (range 18–72 
years). Data presented as geometric means (range). Data from the INUENDO/Clear project. Source: Lenters et al. (2015).

Disko Baya Mid-westb South-westc Southd Easte All

Sample size n=50 n=29 n=59 n=32 n=23 n=193

Total Hg 17.6 (2.0–386) 5.4 (0.5–30.9) 3.9 (0.2–41.1) 7.8 (0.5–30.8) 28.5 (3.6–317) 8.7 (0.2–386)

Pb 29.3 (10.7–80.5) 44.4 (15.6–276) 28.7 (14–178) 24.6 (11.3–84.5) 31 (8.4–84.9) 29.9 (8.4–276)

Cd 0.8 (0.2–3.2) 1.1 (0.2–5.2) 0.6 (0.1–4.2) 0.6 (0.1–2.2) 0.9 (0.1–11.1) 0.7 (0.1–11.1)

aIlulissat, Aasiaat, Qasigiannguit, Qeqertarsuaq; bSisimiut, Maniitsoq; cNuuk, Paamiut; dQaqortoq, Nanortalik, Narsaq; eTasiilaq.

Table 3.24 Concentrations of metals (μg/kg whole blood) in pregnant Inuit women (2002–2004) by geographical area, Greenland. Mean age 27 years 
(range 18–42 years). Data presented as geometric means (range). Data from the INUENDO/Clear project. Source: Bonefeld-Jørgensen, pers. comm. (2014).

Northa Disko Bayb Mid-westc South-westd Southe Eastf All

Sample size n=2 n=61 n=30 n=56 n=22 n=13 n=184

Total Hg 12.5 6.3 (1.4–46.5) 3.6 (0.9–14.7) 3.2 (0.4–29.2) 3.8 (0.9–13.4) 17.6 (6.3–51.6) 4.8 (0.4–51.6)

Pb 13.4 14.5 (4.9–62.8) 18.1 (5.4–141) 13.7 (5.4–61.5) 12.5 (6.0–36.1) 18.8 (9.4–50.5) 14.8 (4.9–141)

Cd 0.7 0.7 (0.2–1.8) 0.7 (0.2–3.4) 0.6 (0.2–3.5) 0.6 (0.3–2.9) 1.0 (0.2–3.0) 0.7 (0.2–3.5)

aQaanaaq, Uummannaq; aIlulissat, Aasiaat, Qasigiannguit, Qeqertarsuaq; cSisimiut, Maniitsoq; dNuuk, Paamiut; eQaqortoq, Nanortalik, Narsaq; fTasiilaq.
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levels were also lower in the ACCEPT study period (2010–2011 
and 2013) than in the previous study period, but the Hg levels 
were very similar (Long et al. 2015) (Fig. 3.3). Adding recent 
data to the time trend analysis undertaken by AMAP (2009) 
shows that Hg levels seem to have stabilized in pregnant women 
from Nuuk, although they continue to decline in pregnant 
women from Disko Bay. Lead levels continue to decline in 
both populations.

3.4.3.3 Conclusion

Lower levels of contaminants were observed during the most 
recent biomonitoring studies in Greenland compared to levels 
reported in the previous AMAP human health assessment 
(AMAP 2009). It should be noted, however, some of the 
Greenland data reported in the previous assessment (AMAP 
2009) have since been corrected; the corrected data are shown 
in Appendix Tables A3.8 to A3. In general, younger women had 
lower OC levels than men (Jönsson et al. 2005), probably resulting 
from a lower intake of a traditional diet consisting of marine 
mammals and fi sh (Jeppesen 2008), the loss of contaminants 
through pregnancy and breastfeeding for women with children, 
and their younger age. Th is could also be a result of dietary 
guidance (see Chap. 6, Sect. 6.4.4) successfully reaching WCBA in 
Greenland. Older women and men showed smaller diff erences in 
contaminant levels, and their levels were also the highest overall 
during the period 2005–2010. Notably, levels of p,p’-DDE in Inuit 
women over 50 years old were four times higher than those in 
women of 18 to 29 years of age, while levels in Inuit men over 

50 years old were three times higher than those of men of 18 to 
29 years of age. Th is follows the expected accumulation of POPs 
with age and may refl ect diff erences in POPs exposure based on 
birth year relative to global action to reduce the production and 
use of POPs (Quinn et al. 2011; Nøst et al. 2013).

Th e diff erences in POPs levels between populations that live 
predominantly in either towns or villages indicates a potential 
diff erence in food sources. For example, village populations 
may rely more on traditional food items and so experience 
higher contaminant exposures, while there may be greater 
access to store-bought food in towns. In all Greenlanders, 
PFOS levels were the highest of all PFCs measured. PBDE 
levels did not vary much between regions but some gender 
diff erences were observed. Concentrations of PBDE99 and 
PBDE100 tended to be lower in Inuit men than in pregnant 
women, while PBDE47 levels were similar, and PBDE153 
concentrations tended to be higher. 

Levels of metals mostly declined in pregnant Inuit women 
between the 2002–2004 INUENDO study and the more recent 
2010–2011 and 2013 ACCEPT project. Lead has shown a 
considerable decrease, as has Hg in some, but not all, regions.

3.4.4 Iceland

Concentrations of POPs in maternal plasma from Reykjavik 
are being monitored in a new study, similar to three prior 
studies reported in the previous AMAP human health 
assessments. In these studies, when visiting a medical center, 
50 pregnant women in their third trimester were invited to 
participate in biomonitoring sampling. Th is activity took 
place every fi ve years in Iceland (AMAP 1998, 2003, 2009). 
A similar suite of contaminants were measured in this study, 
and all samples were collected from pregnant women during 
their third trimester (Olafsdottir pers. comm. 2014). Th e 
mean age of the mothers and the parity remained similar 
between this study and the previous ones, and sampling was 
conducted in Reykjavik only. Concentrations of metals in 
these maternal blood samples are not available. Reykjavik data 
are compared to data aggregated from all Iceland sampling 
done in previous years as it was determined that the city of 
the mother’s residence did not appear to infl uence measured 
contaminant levels. Iceland is considered to have a socially 
and culturally homogenous population (AMAP 2009).

Table 3.25 (see also Appendix Table A3.13) shows the most 
recent concentrations measured in pregnant women from 
Reykjavik. Th e contaminants sampled in the 2009 cohort 
included BFRs and PFCs in addition to POPs. Th ese data were 
not available in previous years. While the higher brominated 
congeners were detected in some participants (PBDE99, 
PBDE100, PBDE153), the geometric mean of the population 
was below the detection limit (<1.3 μg/kg plasma lipid). 
However, the lowest brominated congener, PBDE47, was found 
up to a maximum of 21 μg/kg plasma lipid, and the geometric 
mean was higher than the detection limit, at 1.7 μg/kg plasma 
lipid. Th ese levels are still low, as the geometric means are 
near or below the detection limit, but these contaminants 
need continued monitoring to obtain additional data over 
time, and project how the levels might change in the future. 
Th e PFCs, PFOS and PFOA, were also analyzed for the fi rst 

Figure 3.3 Trends in lead and mercury in pregnant women from Disko Bay 
and Nuuk, Greenland, since 1994. Most recent data collected in the years 
2010-2011 and 2013, presented in the 2011 bars.
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time in this population, and levels were above the detection 
limit, and comparable with international numbers reported 
by AMAP (2009).

There was an overall decrease in levels of contaminants in 
pregnant women from Reykjavik between the years 1995 and 
2009 (Table 3.25). p,p’-DDE, PCBs, and β-HCH have strong 
decreasing trends from 1995 to 2009. There is no consistent 
trend for oxychlordane, although concentrations in 2009 
decreased appreciably from the levels measured in 2004 and 
1995, which were similar. Trans-nonachlor and HCB show a 
slight increase between 1995 and 1999 before a decrease occurs. 
Toxaphene Parlars 26 and 50 remained the same between 
the two sampling periods, which could be due to continual 
exposure combined with the long half-life of the contaminant 
and the low likelihood of measureable declines over a five-
year period. Although toxaphene is banned for use in North 
America, it is still used in other parts of the world, so there may 
still be inputs into the global circulation and bioaccumulation 
in marine food chains. Toxaphene is known to bioaccumulate 
in the tissues of fish, shellfish and marine mammals and Parlar 
50 is the dominant organochlorine found in cod liver in the 
marine environment around Iceland (Sturludottir et al. 2014).

3.4.5 Faroe Islands

Researchers in the Faroe Islands have undertaken several 
biomonitoring cohort studies over the past 25 years, in response 
to the growing awareness of environmental contaminants and 
their possible effects on human health. The data presented in 
this section represent several follow-ups of four of the cohorts 
– Cohorts 1, 2, 3 and 5. 

Cohort 1 was established to assess the health significance of 
MeHg exposure during early life, and consists of 1022 singleton 
births assembled in the Faroe Islands during a 21-month period 
in 1986–1987 (Grandjean et al. 1992). It was intended to represent 
the entire community. These children were examined at ages 7, 14, 
and 22 years. Cohort 2 was established as a follow-up study during 
a 12-month period in 1994–1995, to respond to the findings of 
Cohort 1 that exposure assessment should encompass several 
lipophilic pollutants as well as MeHg. It included 182 singleton 
term births from consecutive births at the National Hospital 
in the capital city, Tórshavn (Steuerwald et al. 2000). Cohort 3 
was formed from 656 consecutive births in Tórshavn between 
November 1998 and March 2000 (Heilmann et al. 2010). Cohort 
5 is the most recent cohort, born during an 18-month period 
between October 2007 and April 2009 involving 500 mother-

Table 3.25 Trends in blood concentrations of POPs (μg/kg plasma lipid) in pregnant Icelandic women in their third trimester. Data presented as geometric 
means (range). Lipid normalization of data in 1999 and 2004 based on average lipid concentrations from 1995. PFOS and PFOA in μg/L plasma. Source: 
AMAP (2009); Olafsdottir pers. comm. (2014).

Reykjavik All Iceland All Iceland Reykjavik

1995 1999 2004 2009

Mean age (range) 30 (18–41) 28.7 (20–42) 30.3 (20–40) 30.4 (21–43)

Sample size, mean parity n=40; p=1.9 n=39; p=1.9 n=40; p=1.8 n=33; p=1.7

Oxychlordane 6.7 (2.6–30) 4.7 (1.3–22) 6.5 (1.3–22) 3.5 (1.3–8.9)

trans-Nonachlor 12 (3.8–50) 15 (6.4–47) 7.1 (1.3–29) 6.7 (3.6–15.5)

p,p’-DDT na na na 1.4 (<1.3–5.7)

p,p’-DDE 113 (42–514) 100 (33–306) 54 (19–226) 36 (12.1–139)

DDE:DDT na na na 26 (11–62)

HCB 41 (17–147) 49 (23–96) 27 (13–51) 20 (12–35)

β-HCH 32 (11–142) 24 (10–71) 9.0 (2.5–20) 7.1 (3.0–28)

Toxaphene Parlar 26 na na 1.6 (1.3–6.4) 1.3 (<1.3–4.6)

Toxaphene Parlar 50 na na 2.8 (1.3–10) 2.9 (<1.3–8.0)

PCB99 na na na 3.7 (<1.3–11)

PCB118 16 (7.7–37) 14 (3.8–38) 11 (5.1–24) 8.4 (4.7–18)

PCB138 46 (18–99) 40 (17–90) 23 (11–57) 15 (6.0–60)

PCB153 68 (26–158) 60 (24–143) 40 (19–98) 34 (18–108)

PCB180 34 (14–106) 35 (14–98) 22 (6.4–60) 16 (6.1–79)

ΣPCB14 na na na 110 (55–370)

PBDE47 na na na 1.7 (<1.3–21)

PBDE99 na na na <1.3 (<1.3–3.7)

PBDE100 na na na <1.3 (<1.3–5.0)

PBDE153 na na na <1.3 (<1.3–3.9)

PFOS na na na 6.2 (4.2–13)a

PFOA na na na 4.8 (1.4–40)a

ΣPCB14 includes PCB28, PCB52, PCB99, PCB101, PCB105, PCB118, PCB128, PCB138, PCB153, PCB156, PCB170, PCB180, PCB183, PCB187; an=10.
For statistical purposes, values <1.3 (the limit of detection, LOD) were replaced by LOD/2.
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child pairs (Weihe pers. comm. 2014). Additional information, 
including observations of the health effects of contaminant 
exposure, is available for these cohorts in Chaps. 2 and 4.

3.4.5.1 Persistent organic pollutants

Each cohort underwent biomonitoring sampling at birth, 
and in follow-up years. Cohort 1 has the oldest time series, 
as biomonitoring began in 1986–1987 (Table 3.26). Changes 
over time can only be seen for a select group of contaminants 
that have undergone testing, as certain contaminants were 
not included in each sampling follow-up. There is an increase 
in levels of p,p’-DDE from cord blood to the sampling event 
at 13 years of age, and a decrease from 13 years of age to the 
most recent sampling event, when cohort participants were on 
average 22 years of age. Changes in PCB levels show a decrease 
from cord blood to the sampling event at 22 years of age. The 
sum of several PCBs was available for all sampling years, and 
shows a steady declining trend after an increase between birth 
and 7 years of age. HCB concentrations also increase between 
birth and 13 years of age, before concentrations decrease by 
age 22 years. Levels of β-HCH decrease between the final two 
sampling events. Mirex was only sampled during the 13-year 
follow up. PFCs were only sampled at the 7-year follow up, 
so recent changes are not known. That concentrations were 
measureable in 1993–1994 suggests that they may warrant 
follow-up sampling.

Cohort 2 has two data points available – that of the maternal 
blood at parturition in 1994–1995, and that of the children’s 
blood at an average age of 7.5 years (Table 3.27). p,p’-DDE 
levels were not determined for the children. Almost all POPs 
levels found in the children at 7.5 years of age are lower than 
those for maternal blood at the time of giving birth, with the 
exception of PCB180, for which levels are essentially the same. 

PCB180, along with PCB153, are estimated to have a half-life 
of seven to nine years in children, as calculated using the 
Faroese biomonitoring data (Grandjean et al. 2008). PCB153 
and PCB180 are particularly prevalent in food, which indicates 
that, despite the food recommendations at the time (Weihe 
and Joensen 2012) (see Chap. 6, Sect. 6.4.3), dietary exposure 
was providing enough PCB congeners to children to bring 
their PCB180 levels at age 7 years into line with their mother’s 
levels at age 28 years. Using calculated partition ratios, levels 
of contaminants in cord blood for these children at birth are 
expected to have been approximately 58% of the levels found 

Table 3.26 Time series of blood POPs concentrations from the Faroe Islands Cohort 1 (1986–1987). All participants are Faroese children born in 1986–1987. 
Data presented as geometric means (range). POPs in μg/kg plasma lipid. PFCs in μg/L. Source: Weihe pers. comm. (2013).

1986–1987 1993–1994 2000–2001 2008–2009

Mean age (range) Cord blood 6.9 (6.3–8.3) 13.8 (12.8–15.2) 22.1 (20.9–23.7)

Sample size n=1022 n=922 n=792 n=849

Oxychlordane na na 15.6 (1.0–201) na

trans-Nonachlor na na 40 (1.5–526) na

p,p’-DDT na na 6.4 (0.9–211) 0.8 (0.1–176)

p,p’-DDE 270 (4.2–4487) na 468 (25.4–8050) 122 (5.4–3257)

DDE:DDT na na 76.6 (1.2–614) 150 (0.7–7025)

HCB 45.9 (3.4–1469) na 94.3 (22.1–858) 18.9 (3.1–164)

β-HCH na na 8.4 (2.8–41.5) 5.3 (0.1–232)

Mirex na na 6.4 (0.1–83.5) na

PCB118 na na na 11.8 (0.1–282)

PCB138 83 (0.3–1068) na na 64.6 (0.1–790)

PCB153 130 (0.3–1127) na na 93 (8.2–1006)

PCB180 72 (0.3–889) na na 60.8 (3.4–673)

ΣPCBa 604 (17–5606) 1525 (210–7040) 708 (4.2–4941) 443 (36–4940)

PFOS na 31.1 (7.2–96.9) na na

PFOA na 5.4 (1.3–17.3) na na

a(PCB138 + PCB153 + PCB180) × 2.

Table 3.27 Time series of blood POPs concentrations from the Faroe Islands 
Cohort 2 (1994–1995). All participants were Faroese women and their 
children born in 1994–1995. Data presented as geometric means (range). 
POPs in μg/kg plasma lipid. Source: Weihe pers. comm. (2013).

1994–1995 2001–2002

Population Mothers Children

Mean age (range) 28 (16–44) 7.5 (7.4–7.8)

Sample size n=182 n=158

p,p’-DDT 9.0 (0.1–520) na

p,p’-DDE 725 (201–8038) na

DDE:DDT 80.1 (6.6–13040) na

HCB 82.5 (35–663) na

PCB118 67.2 (5.0–1410) 35.7 (3.4–202)

PCB138 185 (22–3529) 87.5 (6.3–560)

PCB153 265 (10–3933) 176 (11.6–1032)

PCB180 112 (9.0–1761) 117 (6.6–824)

ΣPCBa 1126 (440–18446) 765 (50–4500)

a(PCB138 + PCB153 + PCB180) × 2.

40 AMAP Assessment 2015: Human Health in the Arctic



in maternal serum (Needham et al. 2011), from which can be 
extrapolated the increase in these PCBs from birth.

Cohort 3 provides several time points of biomonitoring follow-
up post parturition, following the children to the average age of 
13 years in 2011–2012 (Table 3.28). The intent of Cohort 3 was 
to follow up on the possible effects of PCBs and other lipophilic 
contaminants, as dietary advice had decreased the potential 
for MeHg exposure (Weihe and Joensen 2012; see Chap. 6, 
Sect. 6.4.3). Few data were collected in the 2000–2001 follow 
up with children at the average age of 1.5 years, but nevertheless 
do provide an early measurement of p,p’-DDE and ΣPCB 
congeners (twice PCB138+PCB153+PCB180) which can 
measure the effects of breastfeeding in transferring lipophilic 
contaminants. At that time point, it can be seen that the child’s 
levels of p,p’-DDE slightly exceeded the maternal blood levels 
taken at birth, and the ΣPCB level is only slightly lower than 
the maternal blood levels. The following sampling period, at 
5 years of age, shows a decline in p,p’-DDE and ΣPCB to below 
the maternal blood levels. However, comparisons of other 
contaminant levels in the 5-year old sampling event show that 
levels of PCB118, PCB138, PCB153 and PCB180 are similar 
to those in maternal blood. Generally, each follow-up year of 
biomonitoring testing shows a decline in levels of contaminants 
in this sample population, with the exception of HCB and 
β-HCH (Heilmann et al. 2010; Tang-Péronard et al. 2014). HCB 
shows no trend, remaining essentially the same from age 5 years 
to 13 years. β-HCH shows an increase to the age of 7.5 years 
and then decreases dramatically by 13 years. Children exhibit 
higher levels of p,p’-DDT over the sampling timeframe than 
their 28-year old mothers did at their birth. This pattern is also 
consistent for β-HCH and PFOA. Levels of PFOS in 7.5-year old 
Cohort 3 children were dramatically lower than levels in Cohort 
1 children at 7 years of age. PFOA levels were only slightly lower 
in Cohort 3 than Cohort 1 (Grandjean et al. 2012a).

Cohort 5 is the most recent cohort, which can show the effects 
of the ongoing dietary advice to the Faroese population and 
its effect on the transfer of lipophilic contaminants through 
breastfeeding (Table 3.29; see Chap. 6, Sect. 6.4.3). Mothers in 
Cohort 5 were born 20 years later than the mothers of Cohort 1, 
and so should have experienced prenatal and postnatal exposure 
to PCBs only after the PCB phase-outs (Quinn et al. 2011), 

Table 3.28 Time series of blood POPs concentrations from the Faroe Islands Cohort 3 (1998–2000). All participants were Faroese women and their 
children born in 1998–2000. Data presented as geometric means (range). POPs in μg/kg plasma lipid. PFCs in μg/L. Source: Heilmann et al. (2010); 
Tang-Péronard et al. (2014).

1998–2000 2000–2001 2002–2005 2005–2007 2011–2012

Population Mothers Children Children Children Children

Mean age (range) 28 (16–44) 1.5 (1.3–1.8) 5.0 (4.8–5.2) 7.5 (7.0–7.9) 13.2 (12.6–14.3)

Sample size n=475 n=115 n=555 n=498 n=526

p,p’-DDT 0.7 (0.1–139) na 37.6 (0.1–452) 13.2 (0.1–1216) 3.6 (0.6–101)

p,p’-DDE 538 (43.1–11414) 613 (68–10265) 476 (38.1–6631) 270 (20–4190) 92.8 (1.5–2738)

DDE:DDT 775 (24.1–40694) na 12.6 (2.4–974) 20.5 (0.2–11595) 26 (0.1–404)

HCB na na 53.2 (15.7–565) 38.1 (2.1–447) 59.5 (14.4–240)

β-HCH 8.0 (0.1–100) na 18 (0.1–84.4) 64.7 (2.1–4674) 2.0 (1.1–27.9)

PCB118 51 (0.1–788) na 46.4 (2.8–637) 25.3 (1.0–550) 6.9 (0.9–131)

PCB138 180 (0.1–2722) na 176 (12.2–1631) 115 (4.2–2869) 44.8 (1.5–788)

PCB153 274 (36.7–320) na 257 (17.6–2162) 152 (6.7–3223) 86 (1.6–924)

PCB180 146 (20.8–1658) na 127 (5.8–1421) 97.8 (0.1–2402) 38.8 (1.5–547)

ΣPCBa 1214 (181–15150) 1171 (166–10050) 1130 (71.4–9561) 750 (50–16990) 347 (19.5–4518)

PFOS 27.4 (9.4–68.8)b na 16.7 (3.3–48.2) 15.3 (5.6–35.5) 6.6 (1.0–16.6)

PFOA 3.2 (0.8–8.4)b na 4.1 (0.8–15.4) 4.5 (1.7–19.2) 2.0 (0.6–6.1)

a(PCB138 + PCB153 + PCB180) × 2; barithmetic mean age (range) = 30.2 (16.7–43.2, n=618).

Table 3.29 Time series of blood POPs concentrations from the Faroe 
Islands Cohort 5 (2007–2009). All participants were Faroese women with 
their children born in 2007–2009. Data presented as geometric means 
(range). POPs in μg/kg plasma lipid. PFCs in μg/L. Source: Weihe pers. 
comm. (2013).

2007-2009 2009-2011

Population Mothers Children

Mean age (range) 30.7 (17.2–49.4) 1.5 (1.4–1.7)

Sample size n=500 n=363

p,p’-DDT 7.0 (0.1–110) 16.6 (15–194)

p,p’-DDE 131 (6.0–1517) 180 (15–4414)

DDE:DDT 19.6 (1.8–1030) 10.9 (0.7–294)

HCB 17.3 (3.0–116) 26.5 (15–144)

β-HCH 16.7 (2.0–110) 20.8 (15–296)

PCB118 14.8 (1.0–134) 29.7 (15–224)

PCB138 53.7 (3.0–383) 80.1 (15–796)

PCB153 91.2 (1.0–694) 105 (15–1214)

PCB180 60.1 (3.0–496) 61 (3.0–872)

ΣPCBa 420 (16–2965) 500 (70–5760)

PFOS na 6.5 (1.4–28.3)

PFOA na 2.9 (0.5–22.5)

a(PCB138 + PCB153 + PCB180) × 2.
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whereas mothers in Cohort 1 would have accumulated body 
burden during the years that PCBs were in use. 

Even the ten-year difference in birth years between Cohort 3 
and Cohort 5 mothers may affect the body burden accumulated. 
This may be indicated in the data with levels of all PCBs lower 
in Cohort 5 mothers than Cohort 3 mothers. Yet β-HCH levels 
in Cohort 5 mothers were twice those of Cohort 3 mothers. 
And, compared to Cohort 3, Cohort 5 maternal blood levels of 
p,p’-DDT were higher by one order of magnitude, while levels 
of p,p’-DDE were lower.

Cohort 5 children at 1.5 years of age had very similar blood 
concentrations to maternal blood concentrations at birth, but 
with higher p,p’-DDT and slightly higher p,p’-DDE. However, 
Cohort 5 children at 1.5 years of age had lower p,p’-DDE and 
ΣPCBs levels than 1.5 year olds in Cohort 3. This may be due 
to the positive effect of dietary advice in reducing exposure to 
PCBs and certain other lipophilic contaminants from the meat 
and blubber of pilot whale in particular (see Chap. 6, Sect. 6.4.3), 
also acknowledging that levels of POPs are generally declining 
in the environment and that children from Cohort 5 may thus 
be expected to have lower levels of POPs (Quinn et al. 2011). 
Cohort 5 children were also the first cohort to have PFOS and 
PFOA tested in blood at age 1.5 years.

3.4.5.2 Metals

Metals other than MeHg have not been a major focus of Faroese 
biomonitoring in recent years, and the dietary advice regarding 
pilot whale meat and blubber developed through the analysis 
of the results of the first cohorts has greatly reduced the extent 
of Hg exposure (see Chap. 6, Sect. 6.4.3). Table 3.30 shows the 
metals analyses from the four cohorts available, and Hg data 
are the most abundant. Comparing 7-year old children from 
Cohort 1 with 7.5-year olds from Cohort 3 shows the difference 
that approximately 20 years of dietary advice can make in 
addressing elevated levels of Hg, with measured levels decreasing 
from 8.36 to 1.99 μg/L. Even the 80% decline between the cord 
blood of Cohort 1 and Cohort 5 shows the great benefit recent 
lifestyle practices have had on levels of metals in the Faroese 
population. The decrease came in more recent years, probably 

after the 1998 recommendation to restrict pilot whale meat 
and blubber consumption came into effect (Weihe and Joensen 
2012) (see Chap. 6, Sect. 6.4.3), because cord blood levels of Hg 
from Cohort 5 sampled in 2007–2009 were lower compared to 
those sampled in 1994–1995. Lead levels have also declined since 
1986–1987, comparing the three data points available, although 
the most recent Pb concentration was in children 7 years of age, 
whereas the other two data points are from cord blood. There 
are not enough Se data to indicate a trend, and numbers taken 
from the 1986–1987 and 1994–1995 cord blood are fairly similar.

3.4.5.3 Conclusion

Overall declines in contaminant levels in the Faroese population 
provides insight into the impact of the recommendation in 1998 
to reduce, and in 2008 to cease the use of pilot whale meat, blubber 
and internal organs for human consumption, and validation for 
the difficult public health risk management decision that was 
made. As indicated by Weihe and Joensen (2012), pilot whale 
harvesting had provided many Faroese with sustenance during 
times of food insecurity, but was also an important exposure 
source for contaminants. However, the known effects (see 
Chap. 4) of elevated levels of contaminants called for intervention 
for the health of the population. The risk communication of this 
public health decision is discussed in more detail in Chap. 6.

It is also possible that the concentrations of POPs which have 
been measured across three decades for the Faroese cohorts 
may be affected by the birth years of the mothers and their 
children relative to the implementation of global action to 
reduce production and use of POPs (Quinn et al. 2011), along 
with the timing and extent of changes to diets that included 
pilot whales and other traditional foods (Binnington et al. 2014).

3.4.6 Norway

The northern Norway mother-and-child contaminant cohort 
study (MISA study) is designed to investigate maternal 
concentrations of OCs and metals in the context of a northern-
southern latitude perspective, to identify exposure predictors 
and investigate the influence of physiological changes and 
related pregnancy adaptations during the gestational and 

Table 3.30 Time series of blood concentrations of metals from the Faroe Islands. Data presented as geometric means (range), in μg/L whole blood. 
Source: Heilmann et al. (2010); Weihe pers. comm. (2013); Tang-Péronard et al. (2014).

Cohort Year Sample size Mean age (range) Total Hg Pb Se

Cohort 1 1986–1987 1022 Cord blood 22.3 (0.9–350) 15.8 (1.0–110) 111 (69.4–217)

1993–1994 922 7 8.4 (0.1–62.8) na na

2000–2001 792 13.8 (12.8–15.1) 4.1 (0.3–39.8) na na

2008–2009 849 22.1 (20.9–23.7) 2.5 (0.1–46.3) na na

Cohort 2 1994–1995 182 Cord blood 21 (1.9–102) 10.4 (1.2–41.4) 103 (77.1–158)

2001–2002 158 7.5 (7.4–7.8) 3.2 (0.1–22.1) na na

Cohort 3 1998–2000 475 Cord blood 12.4 (1.6–193) na na

2002–2005 555 5.0 (4.8–5.2) 2.6 (0.0001–36.5) na na

2005–2007 498 7.5 (7.0–7.9) 2.0 (0.1–58) 6.2 (0.02–47.7) na

Cohort 5 2007–2009 500 Cord blood 4.6 (0.8–44.5) na na

2009–2011 363 1.5 (1.4–1.7) 1.4 (0.1–21.3) na na
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postpartum periods. The work took place between 2007 and 
2009, and included pregnant and delivering women from the 
MISA study (n=516). A suite of OCs, five toxic metals and five 
essential elements were analyzed (Hansen et al. 2010). More 
information on the MISA study is given in Chap. 2.

The Tromsø Study explored changes in POPs concentrations 
from 1979 to 2008 by following individuals over this period. 
Five surveys took place in Tromsø, northern Norway, in 1979, 
1986–1987, 1994–1995, 2001 and 2007–2008. Sixty adult men 
were randomly selected from the total of 1438 participants, with 
the qualifier that they had donated blood in all five surveys. Fifty-
three of the randomly selected men had sufficient remaining 
sample volumes in more than three sampling events. The range 
in birth years was 1925 to 1950, and the median ages at first and 
last sampling were 43 and 71, respectively (Nøst et al. 2013).

3.4.6.1 Persistent organics pollutants

Low maternal concentrations of contaminants were generally 
observed in the MISA study participants (Table 3.31, see also 
Appendix Table A3.14). Data are presented only in cases where 
detection frequencies were greater than or equal to 70%. Some 
contaminants were not reportable due to the coefficient of 
variation exceeding 70% and concentrations being too low, 
these include oxychlordane, trans-chlordane, cis-chlordane, 
trans-nonachlor, cis-nonachlor, heptachlor, Mirex, and PCB28, 
PCB52, PCB101, PCB105, PCB149, PCB156, and PCB194.

Comparing the northern Norway MISA data from 2006–2008 
with data previously reported (AMAP 1998, 2003, 2009) 
(Table 3.32), the recent geometric mean of p,p’-DDE is almost 
half that reported in Bodø in 2004, although the range is wider. 
For PCB153, while the geometric mean for northern Norway 
participants is slightly higher than that reported for those in 
Bodø, with a wider range, the geometric means for participants 
from both Bodø and northern Norway show levels almost half 
those observed in 1996 in Kirkenes.

The MISA study showed links between traditional and store-
bought food consumed, and measured serum concentrations of 
PFCs. In the MISA study women, levels of PFOS were greater 
than any other PFCs, followed by PFOA (Table 3.33). Berg et al. 
(2014) demonstrated that women consuming more marine 
food had significantly elevated concentrations of PFOS and 
other PFCs. Women who consumed a large amount of game 
had higher concentrations of PFHxS, PFHpS, and PFNA, while 
elevated concentrations of PFHpS and PFOS were detected in 
high consumers of white meat. There was also a relationship 
between the consumption of beef and salty snacks and higher 
PFOA concentrations. However, the strongest significant 
predictor of all the investigated PFCs was parity (Fig. 3.4), 
which resulted in lower maternal levels. Moreover, total months 
of breastfeeding were significantly associated with lower serum 
concentrations of PFHpS, PFOS and PFOA, across parity groups. 
While no association with age was observed for PFHxS, PFHpS, 
PFOS and PFOA concentrations, age was positively associated 
with PFNA, PFDA and PFUnDA concentrations. These 
observations may be explained by compound differences in 
half-lives, bioaccumulation potential and continued production 
after 2002 for PFNA, PFDA and PFUnDA (Armitage et al. 2009; 
Zhang et al. 2013).

Table 3.31 Concentrations of PCBs and OCs in pregnant women (early 
pregnancy) from northern Norway (mean parity = 0.9 (0–4)). Data 
presented as geometric means (range), in μg/kg plasma lipid. Average 
values presented for compounds with detection frequencies ≥70%. Source: 
Hansen et al. (2010).

2006–2008

Mean age (range) 30.6 (18–43)

Sample size n=515

trans-Nonachlor 2.8 (0.6–17.6)

cis-Nonachlor 0.6 (0.1–4.5)

p,p’-DDE 38.7 (10.9–351)

HCB 9.6 (3.5–53.3)

PCB99 2.2 (0.4–18.1)

PCB118 4.1 (1.0–38.3)

PCB138 14.9 (2.8–118)

PCB153 24.8 (5.3–201)

PCB180 16.5 (3.0–159)

For statistical purposes, all values below the limit of detection (LOD) were 
replaced by LOD/√2.

Table 3.32 Trends of OCs and PCBs in mothers from northern Norway (μg/
kg plasma lipid). Data show geometric mean (range) for specified periods 
of sampling. Oxychlordane not available for northern Norway due to the 
coefficient of variation exceeding 70% and low concentrations. Source: 
Kirkenes (AMAP 1998), Bodø (SPFO 2005), northern Norway (Hansen 
et al. 2010; Odland pers. comm. 2014).

Kirkenes Bodø Northern Norway

1996 2004 2006–2008

Mean age (range) 29 (19–44) 30 (20–35) 30.6 (18–43)

Sample size n=66 n=10 n=515

Oxychlordane 3.9 (1.6–11) 2.6 (1.0–6.1) na

p,p’-DDE 79 (19–436) 67 (26–176) 38.7 (10.9–351)

PCB153 52 (25–130) 23 (10–50) 24.8 (5.3–201)

Table 3.33 Serum concentrations of PFCs (μg/L) in the northern Norway 
MISA study group (mean parity = 0.9 (0–4)). Data show arithmetic mean 
(range) for PFCs with detection frequencies greater than 50%. Source: 
Berg et al. (2014).

Mean age (range) 31 (18–43)

Sample size n=391

Median Arithmetic mean (range)

PFHxS 0.4 0.6 (<LOD–14.8)

PFHpS 0.1 0.1 (<LOD–1.1)

ΣPFOS 8.0 8.8 (0.3–35.8)

PFOS Linear 4.7 5.1 (<LOD–19.1)

PFOS Branched 3.4 3.7 (<LOD–18.2)

% linear PFOS 59 59.1 (36–80)

PFOA 1.5 1.7 (0.3–11)

PFNA 0.6 0.7 (0.2–4.4)

PFDA 0.2 0.3 (0.05–2.3)

PFUnDA 0.3 0.3 (0.03–1.5)

PFDoDA 0.03 0.04 (<LOD–0.2)

LOD: Limit of detection; ΣPFOS = PFOS Branched + PFOS Linear; 
% linear PFOS = 100 × (PFOS Linear/ΣPFOS).
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The Tromsø Study (Nøst et al. 2013) showed that levels of several 
POPs declined in the same Norwegian men between 1979 and 
2007–2008 (identified as 2007), with significant declines observed 
for most POPs between pairs of five different consecutive sampling 
years (Fig. 3.5). p,p’-DDE and p,p’-DDT each declined at least 

10-fold between 1979 and 2007. These two contaminants and 
HCB showed significant declines over the entire time frame. 
Parlar 50 (representing toxaphenes) and trans-nonachlor 
(representing the chlordanes) also showed significant differences 
between all consecutive sampling years. Both contaminants were 

Figure 3.4 Concentrations of the two most prevalent PFCs in serum of pregnant women in the northern Norway MISA study, according to parity: 0 
(n=150); 1 (n=135); 2 (n=69); 3-4 (n=24). Asterisk denotes significant differences between parity groups (p<0.05, pairwise comparisons: Bonferroni 
correction). Boxes represent the 25th to 75th percentiles, horizontal lines represent the median, and whiskers represent the 5th and 95th percentiles with 
outliers represented as data points. Source: Berg et al. (2014).

Figure 3.5 Concentrations (loge scale) of selected POPs analyzed in repeat serum samples of men (1979, n=51; 1985, n=51; 1994, n=45; 2001, n=48; 
2007, n=52) from northern Norway. Parlar 50 represents toxaphenes and trans-nonachlor represents the chlordanes. Boxes represent the 25th to 75th 
percentiles, horizontal lines represent the median, whiskers indicate 1.5 times the length of the interquartile range above and below the 75th and 25th 
percentiles, respectively, and outliers are represented as data points. The asterisks denote significant differences (* p<0.05 and ** p<0.001) for comparisons 
between pairs of consecutive sampling years. Source: Nøst et al. (2013).
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observed to increase between 1979 and 1986, but then declined. 
The smallest decline overall was for chlordanes. Each of three PCBs 
(PCB118, PCB153, PCB180) showed similar blood concentration 
patterns across 1979 and 2007, with two significant periods of 
decline, 1986 to 1994 and 2001 to 2007.

A similar analysis was performed by Nøst et al. (2014) for PFC 
concentrations in the same cohort of Norwegian men between 

1979 and 2007 (Fig. 3.6). The highest measured concentrations 
were also for PFOS, in 2001; however, the greatest percentage 
change in concentration was for PFUnDA (850%) between 1979 
and 1986. Three PFCs (PFDA, PFNA, PFOS) showed significant 
changes in concentration across all consecutive paired years; 
in all cases contaminant levels increased, the exception being 
a significant decline for PFOS in men between 2001 and 2007. 
PFOA and perfluorooctanesulfonamide (FOSA) also showed 
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Figure 3.6 Concentrations of the most abundant PFCs analyzed in repeat serum samples of men from northern Norway (1979, n=53; 1986, n=52; 1994, 
n=48; 2001, n=49; 2007, n=52). The asterisks (*) denote significant differences in consecutive sampling years (p<0.001, Wilcoxon signed rank test). The 
boxplots for FOSA are censored box plots with the horizontal line indicating the limit of detection (LOD). One outlier for FOSA (13 μg/L) in 2001 is 
not shown. Source: Nøst et al. (2014).
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significant declines between 2001 and 2007, otherwise all other 
significant changes were for increasing levels of the eight most 
abundant PFCs in serum samples of men in this study.

3.4.6.2 Metals

Table 3.34 (see also Appendix Table A3.15) shows the most 
recent sampling of pregnant women in northern Norway 
(2006–2008) juxtaposed with metal levels in pregnant women 
in various regions of northern Norway in 1994–1995 (AMAP 
1998). Levels are compared with specific cities in northern 
Norway that are geographically appropriate, as the MISA study 
populations lived in Nordland, Troms and Finnmark counties 
(Hansen et al. 2011).

Levels of Cd, Hg, and Pb have declined since 1994–1995 
in pregnant women, which indicates that fetal exposure in 
utero has also declined. However, Se levels are also lower than 
those in 1994–1995, which could indicate a reduction in the 
consumption of marine mammals and fish. Fish consumption 
has been found to be a positive predictor for Se and Hg levels, 
along with multivitamin intake for Se (Hansen et al. 2011). 
Additionally, age reached significance only for Hg, while an 
inverse association was observed between parity and Hg. The 
observed concentrations for Pb and Cd suggest exposures from 
hunting traditional foods and smoking, respectively. Moreover, 
smoking may be increasing the body burden of Pb, reinforced 
by the association between Pb levels and Cd concentrations 
for smokers (Hansen et al. 2011).

3.4.6.3 Conclusion

Levels of most POPs have declined significantly since 1979 
in a single cohort of Norwegian men. This is consistent 
with the expected reduction in environmental exposure 
following international action across several decades to 
reduce or eliminate production or use of POPs (Nøst et al. 
2013). Several PFCs show no decline, however, while some 
even show increases in the same cohort of men in 2007–2008. 
Although trends in PFC concentrations tend to follow overall 
trends in production and usage, differences between individual 
compounds probably reflect differences in global transport 
mechanisms, bioaccumulation potentials and variations in 
consumer exposure. The influence of calendar year during 
sampling was evident for most POPs and PFC compounds 
(Nøst et al. 2013, 2014).

Berg et al. (2014) found parity to be a predictor of PFC body 
burden in pregnant women, and also that the relative importance 
of traditional and store-bought foods varied. Consumption of 
marine mammals and fish was associated with increased levels 
of PFOS, PFNA, PFDA and PFUnDA, while beef consumption 
was significantly associated with increased levels of PFOA. 
Consumption of game (e.g. reindeer, moose, grouse) was 
significantly associated with increased levels of PFHxS, PFHpS 
and PFNA. Seven of ten PFCs were measured in the majority of 
women (>80%) from this study during the period 2007–2009, 
suggesting that ongoing monitoring of these compounds is 
warranted to determine long-term trends in pregnant women 
following the decline in PFC production and use.

Three studies spanning 1996 to 2008 indicate a decreasing trend 
for several POPs in pregnant women, highlighted in Table 3.32 
with the key contaminants oxychlordane, p,p’-DDE and PCB153.

Concentrations of metals declined in pregnant women 
in northern Norway during a similar period, but seafood 
consumption may have also declined, as noted through a 
coincident decrease in Se levels. According to Hansen 

Table 3.34 Concentrations of metals (μg/L whole blood) in pregnant women (early pregnancy) from northern Norway, in 1994–1995 and 2006–2008. 
Data presented as geometric mean [standard deviation] or geometric mean (range). Source: AMAP (1998), Hansen et al. (2011).

Kirkenes Hammerfest Bergen Tromsø Northern Norwaya

1994 1994 1994 1995 2006–2008

Sample size n=40 n=57 n=50 n=15 n=282

Total Hg 3.4 [±1.2] 2.5 [±0.8] 3.4 [±1.1] na 1.2 (0.1–6.6)

Pb 12.4 [±6.2] 12.4 [±6.2] 14.5 [±6.2] 10.4 [±6.2] 7.4 (2.2–25.8)b

Cd 0.5 [±0.8] 0.5 [±0.6] 0.5 [±0.5] 0.4 [±0.5] 0.2 (0.04–2.7)

Se 124 [±15] 106 [±17.4] 107 [±18.2] 93.2 [±18.2] 84.7 (58.2–128)c

aMean age (range)=30.6 (18–43), mean parity (range)=0.9 (0–4); bn=280; cn=281.

Table 3.35 Concentrations of contaminants in the general population of Sweden, by region arranged south to north. Data presented as arithmetic mean (95% confidence interval), except for the collective Sweden data which are the median 
(maximum). Data from the Riksmaten 2010–2011 study. Data adjusted for age, sex and education. Data lipid-adjusted as by Bjermo et al. (2013b) using 0.5% as per Glynn et al. (2000). PCBs and OCs in μg/kg plasma lipid and PFCs in 
μg/L. Source: Bjermo et al. (2013a,b,c).

Lund Gothenburg region

Oxychlordane 2.3 (2.0–3.1) 1.8 (1.4–2.3)

trans-Nonachlor 4.7 (3.7–6.0) 3.5 (2.7–4.5)

p,p’-DDT na na

p,p’-DDE 98.7 (68.9–141) 68.5 (46.4–101)

HCB 14 (11.9–16.6) 10.7 (9.0–12.7)

β-HCH 5.9 (4.5–7.8) 3.1 (2.3–4.3)

PCB118 6.4 (4.7–8.4) 4.3 (3.1–5.9)

PCB138 35.9 (28.5–45.3) 23 (18–29.7)

PCB153 76.9 (62.4–94.8) 53.3 (42.5–66.9)

PCB180 48.2 (39.4–58.9) 35.7 (28.7–44.5)

PFHxS 1.7 (1.3–2.2) 1.3 (1.0–1.7)

PFOA 2.1 (1.6–2.6) 1.6 (1.3–2.1)

PFOS 8.7 (7.1–11) 7.0 (5.7–8.6)

PFDA 0.3 (0.2–0.4) 0.3 (0.3–0.4)

an=267; bn=292.
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et al. (2011), the recent metal concentrations are considered 
relatively low and not of clinical importance for WCBA and 
their children.

3.4.7 Sweden

Several biomonitoring studies have recently been undertaken 
in Sweden. The population-based Northern Sweden Monitoring 
of Trends and Determinants in Cardiovascular Disease 
(MONICA) Study is performed approximately every five 
years, a part of which involves the collection of biomonitoring 
samples from adults living in the two northernmost counties 
of Sweden (Norrbotten and Västerbotten) for environmental 
exposure to certain contaminants (Wennberg et al. 2006). The 
most recent sampling of this population was carried out in 2014. 
The samples obtained have all been analyzed and the data are 
currently being analyzed (MONICA 2014).

Two biomonitoring reports were commissioned by the Swedish 
Environmental Protection Agency (EPA). The first was a follow-
up to the health related environmental monitoring (HAMI) that 
began in 1994 to analyze concentrations of Hg in women from 
Sweden’s northern, southern and western regions (Barregård 
2006). Using the established HAMI methodology, samples of 
blood and hair were taken from early- and late-term pregnant 
women in these regions between 2001 and 2004. The purpose of 
the second study was to analyze concentrations of Pb, Hg and Cd 
in non-pregnant young and middle-aged women from the two 
northernmost counties (Norrbotten and Västerbotten) and the 
southernmost county (Skåne) (Wennberg et al. 2007). Samples 
analyzed for the second study were taken between 2004 and 2007.

In 2010–2011, a national food consumption survey was 
performed by the Swedish National Food Agency, the Riksmaten 
2010–11 study, which included biomonitoring sampling. In 
total, 5000 adults (18–80 years old) from all parts of the country 
were asked to register their dietary habits during four days. 

Blood and urine samples were taken from a randomly recruited 
subgroup of participants (n=297). Data were adjusted for age, 
sex and education using a linear model, as described by Bjermo 
et al. (2013a,b,c).

Additional small investigations of contaminant levels in the 
Swedish population are also reported in this section.

3.4.7.1 Persistent organic pollutants

In the general population biomonitoring study, the Riksmaten 
2010–11 study, only small regional differences in the mean 
levels of a few pollutants in serum were found, with the highest 
levels in southern (PCBs, PFOS, PFOA) or east-central Sweden 
(HCB, β-HCH) after statistical adjustment of the results 
for age, sex, education level and body mass index (Bjermo 
et al. 2013a) (Table 3.35, Appendix Table A3.16). Generally, 
the highest mean level of POPs was approximately 30% to 
50% higher than the lowest across all regions (Bjermo et al. 
2013a). Regional differences were observed in all PFCs, with 
the exception of PFNA. Median levels of PFOS and PFOA 
were 60% to 70% higher in Lund than in Umeå. Bjermo et al. 
(2013c) also examined very long-chain fatty acid levels in blood 
as a biomarker for fish consumption, and found that they were 
stronger predictors of PFOS, PFNA, PFDA and PFUnDA than 
the fish consumption results calculated from dietary records 
and questionnaires. Fish consumption was positively associated 
with levels of some highly chlorinated PCB congeners, trans-
nonachlor, oxychlordane, p,p’-DDE, and some PFCs. There was 
also a positive association between serum PFOS and potato 
consumption, although it did not remain statistically significant 
after the data were adjusted for age, sex and education (Bjermo 
et al. 2013c). The highest median levels of PFHxS were found 
in Stockholm and Uppsala, and it was suggested that this may 
be due to drinking water contamination, potentially from fire-
fighting foams. The northernmost city (Umeå in Västerbotten 

Linköping Stockholm Örebro Uppsala Umeå Sweden (maximum)

2.1 (1.7–2.9) 2.3 (1.8–2.9) 2.1 (1.7–2.7) 2.1 (1.7–2.7) 2.0 (1.5–2.5) 3.2 (26.4)a

3.9 (3.1–4.9) 4.5 (3.5–5.9) 3.9 (3.1–5.1) 4.1 (3.3–5.3) 3.9 (3.1–5.1) 6.9 (52.1)a

na na na na na 1.6 (29.7)a

69.9 (48.6–100) 93.7 (64.2–137) 72.8 (50–106) 87.8 (60.9–127) 70.8 (49.2–102) 84.8 (3023)a

12.9 (10.9–15.4) 15 (12.7–18) 11.7 (9.8–13.9) 11.9 (10–14) 12.9 (10.9–15.2) 15.4 (152)a

4.5 (3.3–6.0) 5.1 (3.9–6.8) 3.7 (2.9–5.1) 3.5 (2.7–4.7) 3.9 (2.9–5.3) 5.1 (71.9)a

5.5 (4.1–7.2) 6.6 (4.9–9.0) 5.3 (3.9–7.2) 5.3 (3.9–7.0) 6.6 (4.9–9.0) 7.3 (190)a

27.3 (21.7–34.7) 29.5 (23–37.7) 27.3 (21.5–34.9) 27.9 (22–35.3) 31 (24.6–39.4) 36.9 (283)a

61.3 (49.6–75.7) 62.2 (49.8–77.7) 58.5 (47–73) 61.7 (49.8–76.5) 62.6 (50.5–77.7) 87.7 (544)a

39.8 (32.4–49) 38 (30.8–47.2) 36.1 (29.1–44.5) 39.6 (32.2–48.6) 35.7 (29.1–43.9) 71.1 (307)a

1.5 (1.2–2.0) 2.8 (2.1–3.8) 1.5 (1.2–2.0) 2.3 (1.8–3.1) 1.3 (1.0–1.7) 2.0 (49.6)b

2.0 (1.6–2.6) 2.4 (1.9–3.0) 1.9 (1.5–2.4) 1.7 (1.3–2.1) 1.4 (1.1–1.7) 2.3 (9.5)b

7.7 (6.3–9.3) 8.8 (7.1–11) 7.6 (6.2–9.3) 7.2 (5.9–8.8) 6.3 (5.1–7.7) 11.1 (40.1)b

0.3 (0.3–0.4) 0.3 (0.3–0.4) 0.3 (0.2–0.4) 0.3 (0.2–0.4) 0.2 (0.2–0.3) 0.4 (2.0)b

Table 3.35 Concentrations of contaminants in the general population of Sweden, by region arranged south to north. Data presented as arithmetic mean (95% confidence interval), except for the collective Sweden data which are the median 
(maximum). Data from the Riksmaten 2010–2011 study. Data adjusted for age, sex and education. Data lipid-adjusted as by Bjermo et al. (2013b) using 0.5% as per Glynn et al. (2000). PCBs and OCs in μg/kg plasma lipid and PFCs in 
μg/L. Source: Bjermo et al. (2013a,b,c).
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county) mainly showed lower concentrations of contaminants 
but there was no consistent north-south gradient. The data were 
lipid-adjusted using the estimated lipid conversion factor of 
0.5% used by Bjermo et al. (2013b) from Glynn et al. (2000). 
The wet weight values are presented in Appendix Table A3.17.

Breast milk was sampled in four different geographical locations 
from a total of 204 randomly recruited first-time mothers three 
weeks after delivery in 2000–2004. The study areas were chosen 
because they were both geographically and demographically 
well separated, in order to improve the possibility that regional 
differences may be detected. For compounds and compound 
groups that showed statistically significant temporal trends in 
the Uppsala group, the measured individual concentrations 
from all regions were back-calculated to 1 January 2000 
(‘un-adjusted’). As expected, mother’s age was a strong 
determinant of mother’s breast milk levels for many of the 
compounds, thus age-adjusted geometric means were calculated 
separately for ΣPCBs and p,p’-DDE (see Fig. 3.7). Fully adjusted 
geometric means were also calculated for these contaminants 
and ΣPBDEs after considering significant independent lifestyle 
and medical variables (Glynn et al. 2011a). 

Mothers from the Lycksele area, who were on average 
2–3 years younger than women from the other regions, tended 
to have lower median levels of individual PCB congeners (Glynn 
et al. 2011a). However, after fully-adjusting the data, Lycksele 
women showed the highest ΣPCB levels of all regions sampled. 
Fully-adjusted concentrations of ΣPCBs in the population from 
Lund were also significantly higher than for women from 
Gothenburg, however the populations in Lund and Lycksele 
were not significantly different from each other. No significant 
differences were seen in either fully adjusted or un-adjusted 
levels of p,p’-DDE between the different geographical locations. 
While levels of PBDEs did not show significant differences 
either, about 50% of the women with ΣPBDE levels exceeding 
10 μg/kg lipid in this study came from the Lycksele region 
(Glynn et al. 2011a). The reason for this observation was not 
determined. Including food consumption variables did not 
change the observed differences.

A time series from 1996 to 2012 of POPs (Fig. 3.8) in breast milk 
samples from Swedish first-time mothers in Uppsala shows a 
steady decline in all contaminants analyzed except PBDE153 
(Lignell et al. 2014). PBDE153 fluctuated only marginally over 
the time series, reaching its highest concentration in 2004–2006, 
with an unclear pattern in recent years. A similar time series for 
PFCs (Fig. 3.9) was analyzed in blood samples from Swedish 
first-time mothers, between 1996 and 2010 (Glynn et al. 2011b, 
2012). PFOS and PFOA both have a general declining trend 
with few data points that fall outside that trend; however PFHxS 
and PFDA both show an increase over time (Kärrman et al. 
2007; Gyllenhammar et al. 2013; Lignell et al. 2012, 2013). 

3.4.7.2 Metals

In the follow-up HAMI study, a comparison was made of Hg 
in blood and hair from pregnant women in Sweden’s north 
(the northern part of Västerbotten county, 2003–2004), 
south (Hässleholm and Simrishamn, 2002–2003) and west 
(Gothenburg and Lysekil, 2001) (Table 3.36) (Barregård 
2006). Mercury concentrations were higher in blood and 
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Figure 3.7 Un-adjusted, age-adjusted and fully-adjusted geometric means 
(standard error, SE) of ΣPCB and p,p´-DDE, and un-adjusted and adjusted 
geometric means (SE) of ΣPBDE in breast milk from first-time mothers 
living in different areas of Sweden in 2002–2004. Results presented by bars 
with at least one common letter did not differ significantly. Fully-adjusted 
data include the independent variables: age, weight gain during pregnancy, 
weight loss between delivery and milk sampling, and education level for 
p,p’-DDE; for ΣPCB, pre-pregnancy body mass index was also added to 
the aforementioned variables; for ΣPBDE, smoking during pregnancy was 
added to all of the aforementioned variables. Source: Glynn et al. (2011a).
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hair in western Sweden, with a median level of 1.2 μg/L in 
whole blood, which is probably mainly due to the higher fish 
consumption in that area (Barregård 2006; Bergdahl et al. 2006). 
By contrast, none of the 96 women sampled in Västerbotten 
had hair-Hg concentrations above 1 μg/g (Naturvårdsverket 
2007). Despite women from southern Sweden eating more 
fish per week than those in Västerbotten, Hg levels in blood 
and hair were comparable, and blood MeHg levels were higher 
in Västerbotten.

Mercury in hair from pregnant women has been determined 
on an annual basis in east-central Sweden, in Uppsala County, 
by Official Statistics of Sweden (Fig. 3.10). No strong time 
trend has been shown, but a slight decrease during the last 
10–15 years is suggested, with medians of 0.23–0.35 μg/g in 2010–
2013, compared to 0.36–0.39 μg/g in 2000 (Official Statistics of 
Sweden 2014). The levels in pregnant women in Uppsala are 
higher than levels measured in northern or southern Sweden, 
but lower than in western Sweden (Table 3.36).

Table 3.36 Median concentrations of Hg in blood (μg/L) and hair (μg/g) in pregnant women in northern, western, and southern Sweden. Source: Barregård 
(2006); Naturvårdsverket (2007).

Year Sample size Age (median) Hg in blood MeHg in blood Hg in hair Fish (≥once/week)

Västerbotten (North) 2003–2004 96 28 0.6 0.5 0.19 38%

Gothenburg and Lysekil (West) 2001–2002 99 30 1.2 0.7 0.43 62%

Hässleholm and Simrishamn (South) 2002–2003 100 30 0.6 0.3 0.22 50%

Figure 3.9 Trend in PFC concentrations (μg/kg pooled serum) in blood 
drawn three weeks after delivery from nursing Swedish first-time mothers. 
Three pools per year analyzed, with serum from 5 to 25 individuals in each 
pool. Data are presented as geometric means and tabulated in Appendix 
Table A3.19. Source: Glynn et al. (2011b, 2012).

Figure 3.8 Trends in POPs concentrations in breast milk samples from 
Swedish first-time mothers (μg/kg lipid). Samples collected three weeks 
after delivery. Data are presented as median concentrations and tabulated 
in Appendix Table A3.18. Source: Lignell et al. (2014).
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Table 3.37 Concentrations of total Hg, Pb and Cd in blood (μg/L whole blood) represented as median (range) from 501 young and middle-aged women 
from Skåne (southern Sweden) and Norrbotten and Västerbotten (northern Sweden) with a subset of 258 young and middle-aged women who have 
never smoked. Source: Wennberg et al. (2007).

Age Contaminant Skåne, 2006–2007 Norrbotten and Västerbotten, 2004

All Never smoked All Never smoked

20–35 Total Hg 0.5 (0–5.3) 0.6 (0–5.3) 0.8 (0.04–2.7) 0.7 (0.04–2.7)

Pb 9.7 (3.7–120) 8.7 (3.7–120) 10 (4.9–70) 11 (4.8–70)

Cd 0.2 (0.09–2.0) 0.2 (0.09–0.6) 0.2 (0.07–3.0) 0.1 (0.07–0.4)

50–60 Total Hg 1.4 (0.01–9.8) 1.5 (0.2–3.4) 1.5 (0.04–7.1) 1.7 (0.3–7.1)

Pb 19 (4.5–110) 18 (7.9–110) 15 (6.0–60) 14 (6.0–45)

Cd 0.4 (0.1–2.7) 0.3 (0.2–2.2) 0.3 (0.09–2.0) 0.2 (0.09–0.7)

Table 3.38 Concentrations of metals in the general population of Sweden, by region arranged south to north. Data presented as arithmetic mean (95% 
confidence interval), except for the collective Sweden data which are the median (maximum). Data from the Riksmaten 2010–2011 study. Data adjusted 
for age, sex and education and presented in μg/L whole blood. Source: Bjermo et al. (2013a).

Lund Gothenburg region Linköping Stockholm Örebro Uppsala Umeå Sweden (maximum)

Total Hg 0.9 (0.6–1.2) 1.1 (0.8–1.6) 0.8 (0.6–1.1) 1.0 (0.7–1.3) 0.8 (0.6–1.1) 0.7 (0.5–1.0) 0.7 (0.5–1.0) 1.1 (15.6)a

Pb 12 (9.6–14) 12 (9.7–15) 11 (9.5–14) 14 (11–17) 11 (9.3–14) 12 (9.7–14) 11 (9.1–13) 13.4 (102)a

Cd 0.3 (0.2–0.4) 0.3 (0.2–0.4) 0.3 (0.2–0.4) 0.5 (0.3–0.6) 0.3 (0.2–0.4) 0.3 (0.2 –0.4) 0.3 (0.2–0.4) 0.2 (2.9)a

an=297.

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

Total Hg, µg/g hair

1996-98 2000-01 2002-03 2004 2006 2007 2008 2009 2010 2011 2012 2013

Average

Median

Figure 3.10 Total Hg in hair in first-time mothers, Uppsala County, 1996–2013. Source: Official Statistics of Sweden (2014).

On behalf of the Swedish EPA, Wennberg et al. (2007) measured 
concentrations of Cd, Hg and Pb in young (20–35 years) 
and middle-aged (50–60 years) women of southern (Skåne) 
and northern Sweden (Norrbotten and Västerbotten) (Table 
3.37), and results were separated by smoking behavior. The 
variation in levels between smoking and non-smoking women 
was not large. Generally, levels of Cd and Pb were higher in 
the population that included smokers than in non-smokers. 
Mercury did not show this pattern, as non-smokers from 
Skåne had higher levels than the entire population. In the 
young women, levels between Skåne and northern Sweden 
for Cd and Pb were comparable, with the northern Sweden 
population having slightly higher levels of Hg than Skåne. In 
the middle-aged population, Cd and Hg patterns were similar, 
with slightly lower levels of Pb in the northern population. 
However, differences within the region between the two age 
groups showed that older women had higher levels of these 
three metals than the younger population. This is to be expected 
due to lifetime bioaccumulation of certain contaminants, such 
as Pb. Blood concentrations of other contaminants with short 
half-lives relative to Pb or POPs, such as MeHg, are expected to 

be more reflective of recent exposure. The similarity of blood 
Hg levels for the middle-aged women (Table 3.37) to pregnant 
women from western Sweden (Table 3.36), the majority of whom 
reported weekly consumption of fish, suggests both populations 
may be experiencing higher dietary exposure than other age 
or regional groups also reported in these studies (Table 3.36).

From the Riksmaten 2010–11 study, concentrations in the 
general population were comparable (Table 3.38) to those seen 
in Skåne and Norrbotten and Västerbotten women, and there 
was very little regional variation. There were no perceptible 
north-south trends in the regions sampled. In fact, the more 
northerly regions had lower levels of Hg, Pb and Cd than 
Stockholm. Fish consumption was positively associated with Hg 
level, with levels increasing with increased fish consumption. As 
previously noted, populations in southern and western Sweden 
were found to eat more fish than in Västerbotten. It has also 
been suggested that Skåne may receive more Cd via long-range 
transport (WHO 2007), and has higher levels of naturally 
occurring Cd in bedrock, leading to locally grown food as a 
potential source of Cd exposure (Wennberg et al. 2007).
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An analysis of Hg levels in blood in men and women from 
Västerbotten showed that women 25–35 years of age had 
slightly higher levels of Hg than men of the same age (Table 3.39) 
(Sundkvist et al. 2011). In the 50–60 year age bracket, levels were 
more similar, although men who had never smoked had slightly 
higher levels than women in 2009. Smoking status did not have a 
clear association with Hg level. The change in Hg levels between 
2004 and 2009 for women also showed no clear trend, as non-
smoking 25–35 year olds saw an increase in blood Hg, while 
the entire population of 25–35 year olds and the 50–60 year old 
women both had a slight decrease. The 50–60 year old population 
for both men and women had higher Hg levels than for 25–35 
year olds, as seen by Wennberg et al. (2007), suggesting a potential 
difference in fish or seafood consumption between age groups.

There is a trend of decreasing blood Pb concentrations in men 
in northern Sweden (Sundkvist at al. 2011) (Fig. 3.11; see also 
Appendix Table A3.20). Both the 25–35 year-old and 50–60 
year-old populations show a decrease in blood Pb since 1990, 
although a small increase was seen in 1994 for the 50–60 year-old 
population. The impact of smoking status on blood Pb seems to 
decrease the variation of measured blood Pb concentrations, as 
the non-smoking populations tended to have smaller ranges than 
the entire population including smokers, especially in 1994 and 
1999. The trends of blood Pb concentration in women over the 
same period also indicate a decline from 1990 to 2009 (Fig. 3.12; 
see also Appendix Table A3.20), although in the latter years, 
more extremes and outliers are seen in the overall population 
(Fig. 3.12a). For both populations, it is visually apparent that the 

Table 3.39 Concentrations of total Hg (μg/L whole blood) in men and women grouped by age (25–35 years and 50–60 years) and smoking behavior from 
Västerbotten for 2004 (women only) and 2009 (women and men). Data show median (range). Source: Sundkvist et al. (2011).

Women Men

2004 2009 2009

Median (range) n Median (range) n Median (range) n

25-35

All 0.8 (0.04–2.7) 164 0.8 (0.06–4.1) 91 0.6 (0.06–3.6) 68

Never smoked 0.8 (0.04–2.7) 111 0.8 (0.06–4.1) 64 0.6 (0.06–3.6) 57

50-60

All 1.4 (0.04–7.1) 123 1.3 (0.2–6.4) 86 1.1 (0.1–5.4) 82

Never smoked 1.6 (0.3–7.1) 54 1.2 (0.4–3.0) 35 1.6 (0.4–5.4) 32

Figure 3.11 Trends in blood Pb concentration between 1990–2009 in men 
in northern Sweden, in the 25–35 and 50–60 year-old age groups; all men 
(n=291, upper) and men who have never smoked (n=165, lower). Each box 
shows the median and quartiles, whiskers represent minimum and maximum 
after removal of outliers and extremes. Outliers ( ) and extremes (*) are 
shown. Source: data from Sundkvist et al. (2011).

Figure 3.12 Trends in blood Pb concentration between 1990–2009 in women 
in northern Sweden, in the 25–35 and 50–60 year-old age groups; all women 
(n=615, upper) and women who have never-smoked (n=342, lower). Each box 
shows the median and quartiles, whiskers represent minimum and maximum 
after removal of outliers and extremes. Outliers ( ) and extremes (*) are 
shown. Source: data from Sundkvist et al. (2011).
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50–60 year-old population generally has higher blood Pb levels 
than the 25–35 year-old population, with the exception of the 
general population of men from 1990, where the younger age 
bracket median was above that of the 50–60 year-old bracket. 
However, these relationships may not be significant. Similarly, 
within the non-smoking male population, the median for the 
younger age bracket exceeded that of the middle-aged bracket 
for both 1990 and 1994.

Of regional concern is the higher consumption of game meat, 
such as reindeer and moose, in northern Sweden compared to 
many other regions of Sweden. Results from the Riksmaten 2010–
11 study showed higher blood Pb levels among those consuming 
more game according to the food frequency questionnaire 
(Bjermo et al. 2013d). In this case, a possible source of Pb could 
be fragments of lead shot present in the game meat. 

See Appendix Table A3.21 for trends in blood Cd concentration 
in men and women in northern Sweden between 1990–
2009, grouped by age (25–35 years and 50–60 years) and 
smoking behavior.

3.4.7.3 Emerging contaminants

The DemoCophes Sweden study population included children 
aged 6–11 years of age and their mothers aged 45 years or 
under. The Uppsala area of central Sweden and a part of 
Västerbotten in northern Sweden were chosen as study areas, 
and the biomonitoring markers tested were expanded to include 
phthalates, Bisphenol A (BPA), and parabens (Democophes 
2014; Democophes-Cophes 2014). Urinary concentrations 
of contaminants in mothers and children (Table 3.40) show 
different levels of excretion for certain biomarkers. Children 
had significantly higher levels of phthalates, with the exception 
of monocarboxylated mono-iso-nonylphthalates (cx-MiNP). 
Mothers had significantly higher levels of parabens compared 

to children, some five times higher. Children’s urinary BPA 
levels were significantly higher than maternal urinary levels. 
In mothers, certain phthalate metabolites were associated with 
cosmetics such as fragrances, the use of sunscreen, decreased 
meat consumption and increased chocolate or fast food 
consumption. For children, certain phthalate metabolites were 
associated with increased ice cream consumption, rural versus 
urban living area, the use of eye makeup or decreased meat 
consumption. Both maternal and child paraben levels were 
associated with cosmetics and personal care product use, such 
as lotion, shampoo or sunscreen (Larsson et al. 2014).

Compared to the Riksmaten (2010–2011) general population 
study (Table 3.41), which is adjusted for age, sex and education, 
maternal BPA levels in Table 3.40 were lower than adjusted 
general population levels, whereas children’s BPA levels 
agreed well with the median for all of Sweden at 1.6 μg/g 
creatinine. Adjusted general population levels of mono-ethyl 
phthalate (MEP) were higher in all regions than those found 
in mothers and children. For the less persistent phthalates, 
adjusted mean levels of a few metabolites in urine were slightly 
higher in the northern part of Sweden, but in most cases no 
regional differences were found. No regional differences were 
found in BPA levels in urine. No consistent trend is found 
for the measured phthalate metabolites. Only mono-n-butyl 
phthalate (MnBP) and monobenzyl phthalate (MBzP) show 
an increasing trend in urinary levels south to north. Levels 
of mono(2-ethyl-5-hydroxyhexyl) phthalate (5-OH-MEHP) 
are similar through most regions of Sweden, with only an 
increase to 27 μg/g creatinine in Umeå, whereas MEP shows 
a large decrease in Umeå compared to locations further south. 
This suggests that sources of exposure for these contaminants 
are generally similar throughout Sweden. Those that show 
more of a trend or a difference between regions may warrant 
further investigation.

Table 3.40 Concentrations of contaminants in urine (μg/g creatinine) from mothers and children in Sweden. Data presented as geometric mean (range). 
Data from the DemoCophes Sweden (2010–2012) study. Source: Larsson et al. (2014).

Mothers Children

n Significantly higher level 
in mothers (p<0.05)

n Significantly higher level 
in children (p<0.05)

MEHP 2.2 (<LOD–33.4) 95 3.1 (0.2–24.2) 97 ✓

5-OH-MEHP 14.1 (2.4–218) 95 27.8 (6.7–237) 97 ✓

5-oxo-MEHP 8.2 (0.9–99.3) 95 17.7 (4.4–87.8) 97 ✓

5-cx-MEPP 10.9 (3.0–122) 95 24.3 (7.0–224) 97 ✓

MBzP 12.1 (1.5–209) 95 22.5 (9.3–142) 97 ✓

MnBP 59.4 (15.8–418) 95 86.8 (19.5–621) 97 ✓

MEP 40.9 (5.3–464) 95 32.6 (5.1–2146) 97

cx-MiNP 18.6 (2.8–1137) 95 24.5 (3.5–2675) 97

OH-MiNP 7.8 (0.6–810) 95 11 (0.9–2009) 97 ✓

Oxo-MiNP 4.6 (0.6–320) 95 6.4 (0.8–782) 97 ✓

BPA 1.2 (0.3–7.8) 95 1.7 (0.5–35.2) 97 ✓

Methyl-paraben 36 (1.5–1181) 76 ✓ 7.5 (<LOD–1000) 80

Ethyl-paraben 3.0 (<LOD–659) 76 ✓ 0.8 (<LOD–140) 80

Propyl-paraben 13 (<LOD–482) 76 ✓ 2.3 (<LOD–137) 80

LOD: Limit of detection.
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3.4.7.4 Conclusion

Concentrations of POPs in breast milk and serum in Sweden are 
decreasing, and there are no strong indications for generally higher 
concentrations in northern Sweden, which could be expected to 
have Arctic characteristics, than in other parts of Sweden. The 
overall conclusion of the Glynn et al. (2011a) study was that, 
as long as store-bought foods make up the main proportion of 
the diet, there are only small or no regional differences in POP 
exposure at a population level. This is mainly due to the highly 
centralized food distribution system in Sweden, covering the 
whole country, although the mobility of the population also 
reduces regional differences. Swedish adults are exposed to a 
mixture of PFCs, with PFOS currently dominating the mixture 
(Bjermo et al. 2013c). Biomarkers of fish consumption correlate 
well with serum levels of PFOS, PFNA, PFDA and PFUnDA, 
strongly suggesting that fish is an important source of exposure to 
certain contaminants (Wennberg et al. 2007; Bjermo et al. 2013c).

Regional differences in metal concentrations did not show 
an obvious trend towards accumulation in the north. In fact, 
many of the higher Hg levels were found in the south and west, 
in areas identified as consuming higher amounts of fish than 
populations in the north of Sweden. However, the differences 
between Hg levels in the north and south are not as large as 
the difference in fish consumption, so there still remains a need 
to identify sources of Hg in Västerbotten (Barregård 2006). 
Mercury levels decreased in women between 2004 and 2009, 
and a slight decreasing trend was observed in maternal hair 
samples from 1996 to 2012, followed by a slight increase in 2013. 
Lead levels are decreasing in the Swedish population, although 
there is concern that hunting practices remain a source of 
exposure for populations in the north.

Emerging contaminants measured in urine show differences 
between adult and child levels, as well as some small regional 
differences in the general population, however sources were most 
often associated with personal care products and store-bought 
food. Whether practices in Arctic populations will result in different 
patterns of exposure remains to be seen, but exposure to many of 
these contaminants may not be as a result of long-range transport.

3.4.8 Finland

Breast milk has been sampled in Finland as part of a follow-up 
study coordinated by the World Health Organization on levels 
of PCBs in human milk. The Finland component carried out 
a larger population-based study, which recruited consecutive 
women giving birth in one of the maternity clinics from each 
of southern, central and northern Finland, the latter being 
the only Arctic population (Kiviranta et al. 1999). Analyses of 
breast milk sampled between 1987 and 2010 from these study 
areas are presented in Table 3.42. New data for maternal blood 
concentrations of OCs and metals are not available.

3.4.8.1 Persistent organic pollutants

The observable trend in southern Finland for PCB153 levels in 
breast milk indicates a decline from 1987 to 2010. A decline is 
also seen in levels in central Finland, which also has lower levels 
of PCB153 than southern Finland on a year by year basis. Levels 
in northern Finland are only available for 2005 and 2010, however 
these resemble those for central Finland for the same years. No 
change is evident from these two time points in the north. PBDE 
levels also show a declining trend from 2000 to 2010 for all three 
regions. Levels do not vary widely between regions.

3.4.8.2 Conclusion

Twenty-three years of biomonitoring POPs in breast milk shows 
a decline in PCB153 and PBDEs. While the PBDE data span 
only a ten-year period, a declining trend is still evident. The 
strongest declines in PCB153 were seen early in the time series, 
with levels remaining relatively similar between 2005 and 2010.

Associated with the breast milk analyses, initial analyses of 
Finnish food sources for PCBs show that most store-bought 
foods have relatively low levels (Kiviranta et al. 2001), although 
elevated levels are present in seafood originating from the 
Baltic Sea. This is due to known PCB pollution in the Baltic 
Sea (Vartiainen et al. 1997; Kiviranta et al. 1999). Seafood from 
the Baltic Sea is more commonly consumed in Helsinki, and 

Table 3.41 Concentrations of contaminants in urine (μg/g creatinine) in the general population of Sweden, by region arranged south to north. Data 
presented as arithmetic mean (95% confidence interval), except for the collective Sweden data which represent the median (maximum). Data from the 
Riksmaten (2010–2011) study and adjusted for age, sex and education. Source: Bjermo et al. (2013a).

Lund Gothenburg 
region

Linköping Stockholm Örebro Uppsala Umeå Sweden 
(maximum)a

BPA 2.0 (1.4–2.7) 2.1 (1.5–2.9) 2.5 (1.8–3.4) 2.2 (1.6–3.1) 1.9 (1.4–2.6) 1.8 (1.3–2.4) 2.1 (1.5–2.9) 1.6 (14.3)

MEP 86 (50–147) 70 (40–122) 76 (45–129) 71 (41–123) 76 (45–129) 81 (48–136) 57 (33–97) 51.2 (3260)

MnBP 54 (43–67) 65 (51–83) 51 (41–64) 60 (48–76) 64 (51–80) 63 (51–79) 74 (59–92) 49.2 (541)

MBzP 9.3 (6.5–13) 14 (10–21) 11 (7.6–15) 10 (6.9–15) 17 (12–24) 16 (11–23) 23 (16–33) 9.6 (118)

MEHP 3.0 (2.1–4.2) 3.6 (2.5–5.2) 3.4 (2.4–4.7) 4.2 (2.9–5.9) 3.5 (2.5–4.9) 3.1 (2.2–4.3) 4.7 (3.3–6.6) 3.0 (66.7)

5-OH-MEHP 21 (16–29) 21 (16–28) 22 (17–30) 23 (17–31) 20 (15–27) 19 (14–25) 27 (20–36) 16.6 (245)

5-oxo-MEHP 12 (9.2–17) 12 (8.9–16) 12 (8.6–15) 12 (9.2–17) 11 (8.3–15) 10 (7.8–14) 14 (11–19) 8.9 (156)

5-cx-MEPP 17 (13–22) 18 (13–25) 17 (13–23) 18 (13–24) 16 (12–21) 15 (12–20) 21 (16–28) 11.2 (206)

7-OH-MMeOP 8.2 (5.2–13) 5.0 (3.1–8.2) 10 (6.5–16) 10 (6.2–16) 7.6 (4.8–12) 8.3 (5.3–13) 7.3 (4.6–12) 6.9 (728)

7-oxo-MMeOP 3.5 (2.2–5.6) 2.0 (1.3–3.3) 3.9 (2.5–6.2) 3.9 (2.4–6.4) 3.1 (1.9–4.9) 3.4 (2.2–5.3) 2.8 (1.8–4.5) 2.6 (485)

7-cx-MMeHP 10 (6.6–16) 7.3 (4.6–12) 12 (7.7–19) 13 (8.5–21) 9.1 (5.9–14) 13 (8.4–20) 10 (6.2–15) 8.2 (324)

an=293.
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potentially southern Finland, than in other regions of Finland, 
which could explain the differences in PCB levels seen between 
southern, central and northern Finland.

3.4.9 Russia

This section presents a follow-up study conducted in Russia 
involving the Chukotka 2001–2003 birth cohort reported by 
AMAP (2009) and the 2007 follow-up involving biomonitoring 
sampling and investigation of health effects. Individual data 
on contaminant levels in blood samples from 17 mothers and 
cord blood from their corresponding 17 babies born in the 
Chukotka coastal area in 2001–2002 were compared with levels 
in blood sampled from the same women and their five-year old 
children in 2007 (Dudarev et al. 2010). The possible influence of 
breastfeeding on maternal POPs serum levels and association 
of children’s POPs blood levels and frequency of infectious 
diseases was also assessed, and are further discussed in Chap. 4. 

Data reported by Rylander et al. (2011) are also presented, from 
recent sampling for contaminants in women and men from three 
north-western Russian communities in 2009 and early 2010 – 
Nelmin-Nos, Usinsk and Izhma. The three study sites are separated 
geographically and the residents are expected to have different 
dietary habits and living conditions. Blood samples were collected 
from volunteers at the same time as they took part in a general 
health examination. The population of Nelmin-Nos was also 
sampled during the 2001–2003 Persistent Toxic Substances (PTS) 
study, of which the Chukotka 2001–2003 birth cohort was a part.

As a part of the international KolArctic project (KO467), 
samples were taken in 2013 and 2014 in the Pechenga district of 
Murmansk Oblast in north-western Russia, near the Norwegian 
border. In two cities, Nickel and Zapolyarny, 400 people were 
interviewed and for the first time in this region, blood samples 
were taken to assess concentrations of contaminants. The 
sampled population included pregnant women, non-pregnant 
women and adult men (Dudarev pers. comm. 2014).

3.4.9.1 Persistent organic pollutants

Maternal blood levels of all POPs decreased, by 33–74%, 
during the five-year period between 2001–2003 and 2007. The 
child blood serum concentrations of most POPs during the 
same period increased, by 24–132%. Only oxychlordane and 
p,p’-DDT decreased in children from birth to 2007. After five 
years, maternal PCB levels are approaching those observed in cord 
blood in 2001–2003. Conversely, child PCB levels after five years 
resemble maternal PCB levels from 2001 (Table 3.43). The same 
PCB congeners were measured in mothers and children (Fig. 3.13).

In this 2007 follow-up study, based on measured maternal 
levels of PCBs, the calculated average elimination half-life of 
PCB congeners (PCB105–PCB187) in maternal blood was 
4 to 6 years (for ΣPCB, 5.7 years) (Dudarev et al. 2010). For 
comparison, Ritter et al. (2011) calculated maximum intrinsic 
human elimination half-lives for PCBs ranging from 10 to 15 
years, and Wolff et al. (2000) calculated a half-life of 11.2 years 
for PCBs using adult female blood levels, which are longer 
timeframes than experienced by the Chukotka women. A 
shorter calculated half-life for ΣPCBs may indicate that the 
women had an increased mechanism for elimination (e.g. 
additional pregnancies). While the duration of breastfeeding 
for the infants from 2001–2003 was not significantly correlated 
with maternal blood serum levels for POPs in 2007, it is known 
that almost 50% of the women in the study had at least one 
additional child between their pregnancy in 2001–2003 and the 
2007 follow-up, with two women having two additional children 
in this period. The additional pregnancies may have reduced 
maternal PCB body burdens during gestation and subsequent 
breastfeeding, although additional breastfeeding duration was 
not tested for significance. It is known that the major source 
of contaminant exposure in this maternal group was via the 
consumption of traditional food items (Dudarev et al. 2010). 
While important dietary changes may have occurred during 
extended or cumulative hospital stays for pregnant women 
(Dudarev et al. 2010), it remains unclear if such short-term 

Table 3.42 Trends of contaminants in breast milk from first-time mothers in southern Finland (non-Arctic), central Finland (non-Arctic) and northern 
Finland (Arctic). Data presented as geometric means (range) in μg/kg lipid. Source: 1987 data (Vartiainen et al. 1997); 1993–1994 data (Kiviranta et al. 
1999); 2000, 2005 and 2010 data (Kiviranta pers. comm. 2014).

1987 1993–1994 2000 2005 2010

Southern Finland

Mean age (range) 26.9 (20–37) 27.9 (19–36) 29.2 (22–35) 28.7 (20–39) 31.2 (19–37)

Sample size n=47 n=14 n=29 n=39 n=32

PCB153 113 (47.8–373) 85.2 (24.3–148) 38.7 (14.6–80.7) 24.8 (9.2–80) 22 (7.8–54.1)

PBDEa na na 2.9 (0.8–16) 2.3 (0.6–31.8) 1.3 (0.3–4.9)

Central Finland

Mean age (range) 25.4 (19–34) 27 (18–39) 28.3 (19–36) 27.3 (19–40) 30.2 (19–36)

Sample size n=37 n=28 n=31 n=40 n=19

PCB153 92.5 (38.9–209) 52.4 (18.2–110) 30.5 (10.5–72.7) 17.9 (4.8–65.1) 16.3 (7.2–50.3)

PBDEa na na 3.1 (0.6–13.5) 2.2 (0.5–11.3) 1.6 (0.5–6.6)

Northern Finland

Mean age (range) 26.3 (21–41) 27.3 (20–32)

Sample size n=11 n=20

PCB 153 na na na 19 (9.3–50.9) 18.7 (6.8–58.1)

PBDEa na na na 2.5 (1.4–6.3) 1.6 (0.6–3.8)

aPBDE47+PBDE99+PBDE100+PBDE153+PBDE209.
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dietary transitions (Binnington et al. 2014) would significantly 
reduce the body burden of long-lived contaminants such as 
PCBs in Russian women.

Maternal p,p’-DDT and p,p’-DDE levels declined by approximately 
70% and 72%, respectively in this study. p,p’-DDT levels decreased 
in children by 33% over the five-year period, potentially indicating 
that exposure to p,p’-DDT decreased during early childhood, or 
dilution through growth. p,p’-DDE levels increased by 24%, which 
is likely to reflect the metabolism of existing p,p’-DDT body 
burden in the children and potentially continued exposure to 
p,p’-DDE in food or from the environment. The average duration 
of breastfeeding of all babies in 2001–2007 was 24.4 months 
(range 1–72), thus ongoing exposure through breastfeeding 
seems likely (Dudarev et al. 2010). The DDE:DDT ratio among 
mothers did not change, remaining around 12, which might 
indicate continued historical sources of exposure, whereas in 
children the ratio increased substantially over this five-year time 
frame by 84% (from 10.6 to 19.5 μg/L plasma).

Statistical analysis of arithmetic mean concentrations of PCB, 
HCB, and p,p’-DDE in women (Table 3.44) and men (Table 3.45) 
from Nelmin-Nos, Izhma, and Usinsk (Rylander et al. 2011) 
indicates that men had significantly higher concentrations of 
PCB138, PCB153, and PCB180 than women during the period of 
2009 and early 2010. Older people had higher concentrations of 
PCB153, PCB180, HCB and p,p’-DDE. When the blood data were 
adjusted for age and sex, no differences were found between the 
three communities for PCB138, PCB153 and PCB180, although 
men from Izhma had significantly higher concentrations of HCB 
than men from other sites. When adjusted for parity, the women 
of Usinsk had significantly higher levels of p,p’-DDE. Parity was 
only a significant predictor of p,p’-DDE (Rylander et al. 2011).

Figure 3.14 illustrates changes in mean concentrations of POPs 
in the Nelmin-Nos populations of men and women between 
the 2001–2003 sampling and the more recent sampling in 
2009–2010. There is a clear decrease for both women and men 

Table 3.43 Maternal, cord and child blood concentrations of POPs and metals, 2001–2002 and 2007, from coastal Chukotka (Lavrentia and Lorino, 
Russia). Data presented as geometric means (range). POPs in μg/L plasma (wet weight) and metals in μg/L whole blood. Source: Dudarev et al. (2010).

Maternal (n=17) Cord (n=17) Child (n=17)

2001–2002 2007 %a 2001–2002 2007 %a

Mean age (range) 24.6 (15–33) 5.5

Oxychlordane 0.9 (0.09–3.5) 0.2 (0.02–0.8) -73 0.4 (0.06–3.6) 0.3 (0.06–1.0) -27

trans-Nonachlor 0.9 (0.1–2.9) 0.2 (0.05–1.0) -72 0.3 (0.03–3.2) 0.4 (0.01–1.3) +14

p,p’-DDT 0.2 (0.06–1.2) 0.06 (0.02–0.1) -72 0.1 (0.02–0.4) 0.08 (0.03–0.3) -33

p,p’-DDE 2.7 (1.0–6.6) 0.8 (0.2–2.5) -70 1.2 (0.3–7.4) 1.5 (0.3–3.7) +24

DDE:DDT 11.9 (5.5–76.8) 12.8 (4.0–37.3) +8 10.6 (2.3–34.3) 19.5 (5.8–102) +84

HCB 2.1 (0.5–6.0) 1.7 (0.4–10.7) -19 1.3 (0.2–5.1) 2.2 (0.3–6.3) +72

β-HCH 2.1 (0.8–7.6) 1.4 (0.3–2.9) -33 1.2 (0.2–8.1) 2.3 (0.7–7.7) +90

Mirex 0.1 (0.04–0.5) 0.08 (0.03–0.2) -43 0.07 (0.01–0.5) 0.09 (0.04–0.2) +28

ΣPCBs 3.5 (0.8–8.9) 2.0 (0.3–6.6) -44 1.4 (0.2–10.8) 3.3 (0.3–7.6) +132

Total Hg 1.6 (0.5–3.9) 1.6 (0.5–4.8) +1 1.4 (0.5–3.3) 0.9 (0.5–2.7) -31

Pb 37.5 (18.3–76.8) 29.6 (4.9–137) -21 37.6 (14.3–78.3) 38.2 (6.9–102) +2

aGeometric mean values of 2007 relative to geometric mean values of 2001–2002 (100%).
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Figure 3.13 Maternal, cord and child blood concentrations of PCB 
congeners, sampled in 2001–2002 and 2007. Data are presented as geometric 
means. Source: Dudarev et al. (2010).
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Table 3.45 Concentrations of POPs (μg/kg plasma lipid) in men from three regions of Russia in 2009–2010. Data presented as arithmetic means [medians] 
and (range). Source: Rylander et al. (2011).

Nelmin-Nos Izhma Usinsk

Sample size n=22 n=25 n=25

trans-Nonachlor na na 8.9 [4.6] (3.1–26)

p,p’-DDE 245 [176] (51–732) 168 [138] (20–428) 228 [190] (53–782)

HCB 98 [86] (<LOD–203) 183 [160] (46–361) 122 [107] (53–427)

PCB99 36 [26] (<LOD–136) 29 [22] (<LOD–175) 33 [31] (<LOD–70)

PCB118 57 [26] (<LOD–532) 43 [15] (<LOD–478) 39 [28] (<LOD–106)

PCB138 58 [36] (<LOD–291) 54 [36] (<LOD–270) 53 [55] (<LOD–104)

PCB153 104 [92] (<LOD–222) 123 [106] (<LOD–297) 110 [97] (36–236)

PCB180 64 [57] (<LOD–152) 79 [73] (<LOD–170) 63 [59] (<LOD–158)

LOD: Limit of detection
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Figure 3.14 Differences in blood 
concentration of POPs in Nelmin-
Nos from 2001–2003 to 2009. 
Source: Rylander et al. (2011).

Table 3.44 Concentrations of POPs (μg/kg plasma lipid) in women from three regions of Russia in 2009–2010. Data presented as arithmetic means 
[medians] and (range). Source: Rylander et al. (2011).

Region Nelmin-Nos Izhma Usinsk

Sample size n=87 n=25 n=25

Mean parity (range) 2.8 (0–9) 2.3 (1–3) 2.1 (1–4)

trans-Nonachlor na na 3.6 [1.3] (<LOD–21)

p,p’-DDE 246 [163] (<LOD–1342) 127 [107] (41–517) 234 [203] (91–600)

HCB 135 [110] (<LOD–373) 122 [102] (32–297) 117 [103] (35–320)

PCB99 31 [20] (<LOD–304) 16 [9.4] (<LOD–56) 25 [25] (<LOD–35)

PCB118 48 [30] (<LOD–268) 41 [35] (<LOD–66) 44 [40] (<LOD–106)

PCB138 46 [35] (<LOD–169) 32 [31] (<LOD–61) 40 [37] (<LOD–66)

PCB153 98 [78] (<LOD–534) 65 [59] (<LOD–156) 72 [67] (<LOD–137)

PCB180 57 [47] (<LOD–286) 23 [8.5] (<LOD–108) 30 [25] (<LOD–113)

LOD: Limit of detection
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in p,p’-DDE concentrations and, to a lesser extent, decreases 
for HCB. Small increases in concentration are observed for 
PCB153 and PCB180 across the two sampling points, however 
the significance of these differences has not been assessed.

Table 3.46 shows recent levels of POPs in pregnant women, and 
in the general population of non-pregnant women and men 
combined, of the Pechenga district of Murmansk Oblast for the 
KolArctic project (KO467) (Dudarev pers. comm. 2014). Levels 
of POPs in pregnant women were consistently lower than in 
non-pregnant women and men in the general population. Levels 
of POPs were consistently lower in women than men, with the 
exception of β-HCH, where women had higher levels, 55.8 
compared to 46.0 μg/kg plasma lipid in men, and a wider range 
of levels than men. The maximum concentration of β-HCH in 
women was 157.1 compared to 100.5 μg/kg plasma lipid for 
men. Arithmetic means in the Pechenga district (Appendix 
Table A3.22) of PCB118 are comparable to those found in 
Nelmin-Nos, Izhma and Usinsk. PCB138 levels in those 
regions are slightly elevated compared to men and women in 
the Pechenga district, while differences in PCB153 and HCB 
concentrations in these regions were even greater.

3.4.9.2 Metals

Maternal blood Pb levels decreased by 21% between 2001–2003 
and 2007 (Table 3.43), although the range broadened to include 
much lower and much higher levels in 2007. Maternal Hg 
levels remained essentially the same between the two sampling 
periods. This suggests a continuous exposure to Hg, probably 
through fish and seafood. Blood Pb levels in children have not 
changed, whereas concentrations of Hg in blood decreased 
by 31%. The decrease in Hg concentration in 2001–2003 cord 
blood compared with 2007 infant blood indicates Hg exposure 
during early life was less than in utero. There may be differences 
in Hg exposure between mothers and their children; however, 
due to the relatively short half-life of MeHg in the body 
(Yaginuma-Sakurai et al. 2012), it cannot be determined from 
these results whether the potential differences are the result of 
long-term behavior or if there were more recent changes in 
exposure prior to the 2007 sampling.

Rylander et al. (2011) also reported levels of Hg, Pb, Cd and Se 
in whole blood in men and women from the Komi Republic 
in Izhma and Usinsk (Table 3.47). Statistical analysis of these 

data indicated that Hg and Pb concentrations increased 
with increasing age, and that men had significantly higher 
concentrations of Pb than women. The study group from 
Izhma had significantly higher concentrations of Cd when 
controlling for age and sex, and the study group from Usinsk 
had higher concentrations of Se than the others. Parity did not 
affect metal concentration. 

3.4.9.3 Conclusion

There was a large decrease in blood concentrations of POPs for 
mothers from Chukotka over the period between 2001–2003 
and 2007 (Dudarev et al. 2010). The major source of exposure in 
this study group of mothers and children is the contamination 
of traditional food items, including marine mammals, both 
from global and local sources. It was expected that the decline 
in POPs levels in maternal blood serum would be due in part 
to the displacement of contaminants during breastfeeding, but 
no associations were found with the duration of breastfeeding 
for the children born during the 2001–2003 sampling period. 
However, this observation does not account for additional 
pregnancies and breastfeeding that occurred in the interim 
period. The increase in POPs levels in children’s blood may be 
explained by the transfer of contaminants from the mother 
through breastfeeding as well as through the consumption of 
local traditional food.

The study of male and female volunteers from Nelmin-Nos, 
Izhma, and Usinsk indicated that older people in north-western 
Russian communities may have significantly higher blood 
concentrations for many contaminants that accumulate in 

Table 3.46 Concentrations of POPs in pregnant women, non-pregnant women, men and the general population (men and non-pregnant women of all 
ages) in the Pechenga district of Murmansk Oblast, 2013–2014. Data from the KolArctic Project (KO467). Data lipid-adjusted (μg/kg plasma lipid) and 
presented as geometric means (range), including age. Source: Dudarev pers. comm. (2014).

Pregnant women Women Men General population

Geometric mean age (range) 28.2 (16–41) 44.2 (26–65) 39.2 (27–54) 42.3 (26–65)

Sample size n=50 n=17 n=33 n=50

p,p’-DDT 11.4 (1.3–376) 18.9 (6.5–124) 39.5 (11.6–132) 24.9 (6.5–132)

p,p’-DDE 102 (16–1221) 141 (39.4–538) 167 (51.6–940) 150 (39.4–940)

HCB 18.2 (5.3–252) 33.3 (12.8–85.1) 40.6 (10.9–189) 35.5 (10.9–189)

β-HCH 8.5 (0.8–146) 55.8 (17.6–157) 46 (27.8–100) 52.6 (17.6–157)

PCB118 26.1 (9.4–119) 35.6 (12.1–98.2) 46 (9.9–134) 38.6 (9.9–134)

PCB138 9.2 (1.0–48.2) 28 (6.4–74.9) 44.3 (14.8–106) 32.5 (6.4–106)

PCB153 12.2 (1.3–56.7) 27.5 (8.5–61) 47.9 (21.6–141) 32.8 (8.5–141)

Table 3.47 Concentrations of metals (μg/L whole blood) in study 
participants from the Komi Republic, Russia in 2009–2010. Data presented 
as geometric means (range). Source: Rylander et al. (2011).

Men Women

Izhma Usinsk Izhma Usinsk

Sample size n=25 n=25 n=25 n=25

Total Hg 2.3 (1.0–8.1) 2.2 (1.0–10) 2.3 (1.0–10) 2.3 (1.0–6.4)

Pb 33 (14–88) 32 (11–63) 27 (11–57) 23 (11–63)

Cd 0.4 (0.1–1.4) 0.3 (0.1–1.0) 0.4 (0.1–1.5) 0.2 (0.1–1.3)

Se 88 (61–130) 99 (61–134) 87 (57–119) 100 (63–139)
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people over time, and this was also the case for PCBs and Pb 
in men compared with women. Mercury concentrations also 
increased with age, suggesting that older people from these 
communities might be consuming greater amounts of fish and 
marine mammals than younger people. Although the three 
study sites were geographically separated and the residents were 
expected to have different dietary habits and living conditions, 
few regional differences were observed when the data were 
controlled for both age and sex. However, men had significantly 
higher concentrations of HCB in Izhma, a rural inland district 
of the Komi Republic mainly populated by reindeer herders, and 
the Izhma study group overall showed higher concentrations 
of Cd. The study group from Usinsk had higher concentrations 
of Se and p,p’-DDE (women only), where most people make 
their living as oil and gas workers. 

Levels of POPs in pregnant women in the Pechenga district of 
Murmansk Oblast were lower than levels in the general population 
(combined men and non-pregnant women). Murmansk POPs 
levels were comparable to those for Nelmin-Nos, Izhma and 
Usinsk for PCB118, but PCB138, PCB153 and HCB were lower in 
Murmansk (Dudarev pers. comm. 2014). Comparing wet weight 
concentrations (Appendix Table A3.23) to the 2007 Chukotka 
maternal concentrations, HCB and β-HCH concentrations are 
lower in Pechenga non-pregnant women, whereas p,p’-DDT and 
p,p’-DDE are similar in each population.

3.5 International comparisons

3.5.1 Persistent organic pollutants

Greenland remains one of the Arctic areas with populations 
still experiencing high levels of POPs. Eastern Greenland 
populations were found to have the highest levels of trans-
nonachlor, p,p’-DDE, PCB153, HCB, and PFOS (Fig. 3.15). 
Compared across the Arctic, Greenland populations had 
the highest measured levels for more POPs than any other 
Arctic country, with the exception of PBDEs. The maternal 
population in Alaska had the most elevated levels of PBDE47 
and PBDE99, although the levels of PCB153, HCB and trans-
nonachlor were among the lowest in the Arctic. Populations in 
Nunavik (Canada) had the second highest level of p,p’-DDE. 
However, Canada also has some of the lowest levels of PCB153, 
as shown for populations from the Inuvialuit Settlement 
Region and Nunatsiavut, and for PFOS and PFOA measured 
in populations from Nunavik. The Faroese PCB153 levels 
were elevated, sometimes by three- to four-fold, compared to 
populations in other countries, except eastern and northern 
Greenland. Populations sampled in Reykjavik (Iceland) had the 
highest PFOA levels, however they also had the lowest levels of 
p,p’-DDE and levels of PCB153, trans-nonachlor, PBDEs, and 
PFOS were also among the lowest.

Sampled Swedes and Norwegians had the next highest levels 
of PFOA, while levels of PFOS in Swedish populations are 
among the lowest in Arctic countries with data. The sampled 
population of Norway also had the lowest levels of trans-
nonachlor, and some of the lowest levels of p,p’-DDE, PCB153 
and HCB. Levels of p,p’-DDE and PCB153 in the pregnant 
women of the Pechenga District of Murmansk (Russia) are 
among the lowest reported here.

3.5.2 Metals

The highest levels of total Hg were observed in the blood of 
WCBA (including pregnant women) from Nunavik in Canada 
(Fig. 3.15). WCBA from northern and eastern Greenland had 
slightly lower levels of total Hg in blood, at 8.0 and 7.0 μg/L 
whole blood respectively. The lowest levels occurred in women 
from western Greenland, Sweden and Norway, with levels 
between the limit of detection and 1.2 μg/L whole blood.

Russian maternal blood from Chukotka taken in 2007 had 
the highest circumpolar levels of Pb at 29.6 μg/L whole blood. 
Women from the Nunavut, Inuvialuit Settlement Region and 
Nunatsiavut region in Canada all had levels ranging from 18 
to 27 μg/L whole blood, which was only slightly higher than 
levels found in 2002–2004 in women from eastern and mid-
western Greenland, although recent levels are much lower at 6.0 
to 7.0 μg/L whole blood. Low levels were also found in Yup’ik 
mothers in Alaska (7.4 μg/L whole blood) and Norwegian 
women (7.44 μg/L whole blood).

A study by Fillion et al. (2014) identified a different exposure 
mechanism to Pb than the expected lead shot in game meat. In 
examining the diets of participants in the Inuit Health Survey 
(2007–2008) in Nunavut in particular, it was found that Pb 
levels in traditional food were low. However, the Pb isotope 
ratios found in their environments, when compared with 
those in the blood of IHS participants, suggested that paint 
and ammunition were contributing Pb to house dust, which 
were probably key exposure sources for high blood Pb levels 
in the IHS participants.

Selenium levels were not measured in pregnant women or 
WCBA in all circumpolar countries. The highest levels 
were found in women from the Canadian Arctic. Nunavut 
and Nunavik women had geometric means of 286 and 
280 μg/L whole blood, respectively. The lowest mean blood 
concentrations for Se were found in women from Norway 
and Alaska. Cadmium levels were also not measured in all 
circumpolar countries, but appeared to be comparatively low, 
although the highest levels were again found in women from 
the Canadian Arctic and Greenland. The lowest levels occurred 
in women from Norway and Alaska.

3.6  Tissue concentrations of 
contaminants and guidelines: 
case studies

The guidance values highlighted in this chapter include the 
current Canadian blood intervention level for Pb of 100 μg/L 
whole blood (CEOH, 1994) and the recently lowered US CDC 
Pb blood reference value for pregnant women and children 
of 50 μg/L whole blood (US CDC, 2014b); Health Canada’s 
guidance value for MeHg in blood of 20 μg/L whole blood for 
women aged 50 years of age or greater and men over 18 years of 
age (Health Canada, 1999), and the provisional blood guidance 
value of 8 μg MeHg/L whole blood for pregnant women, WCBA 
and children of both sexes (Legrand et al. 2010). The case studies 
also make use of the US EPA’s blood MeHg level equivalent 
to the current US EPA reference dose, 5.8 μg/L whole blood 
(US EPA, 2015) which is intended for the entire population, 
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Figure 3.15 Circumpolar concentrations of PBDEs, PFOS, PCB153, p,p’-DDE, Hg and Pb. Unless otherwise indicated, POPs and PBDEs are presented in 
μg/kg plasma lipid; PFCs in μg/L; and metals in μg/L whole blood. Data for Alaska, Faroe Islands, Sweden (except metals) and coastal Chukotka (Russia) 
are derived from maternal blood. Data for the Inuvialuit Settlement Region (NWT, Canada), Nunavut (Canada) and Nunatsiavut (NL, Canada) are derived 
from the blood of women of childbearing age. Data for Nunavik (QC, Canada), Greenland, Iceland, Norway, Sweden (metals only) and the Pechenga 
district (Russia) are derived from the blood of pregnant women. Data for Sweden (PBDE47, PCB153, p,p’-DDE) and Finland are derived from breast milk. 
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including WCBA. While guidelines are predominantly set for 
MeHg, total Hg blood data can be compared to MeHg guidelines 
as approximately 80% of total Hg in blood is expected to be 
MeHg (Hansen et al. 1990; Oskarsson et al. 1996, Mortensen et 
al. 2014). For additional guidelines available for contaminants, 
see Chap. 5. See also Box 3.1.

3.6.1 Exceedances in Canada

Tables 3.48 and 3.49 present Hg and Pb exceedance data for four 
Inuit regions of northern Canada. The relative frequency of Hg 
concentrations above Health Canada’s guidance value of 20 μg/L 
whole blood was higher in Nunavut for men, all women, and 
WCBA, compared to other regions of northern Canada (Table 
3.48). Men had higher mean concentrations of metals than 
women and Table 3.48 indicates that more than 27% of men 
in Nunavut had values exceeding 20 μg/L of total Hg in blood. 
When comparing concentrations to the lower provisional blood 
guidance value of 8 μg/L whole blood, over 36% of WBCA in 
Nunavut exceeded this guidance value, and 48% exceeded the 
US EPA blood MeHg level equivalent of 5.8 μg/L whole blood. 
In Nunavik, it appears that the proportion of pregnant women 
exceeding MeHg guidance values is decreasing (Table 3.49), 
however a small percentage are still above the 20 μg/L whole 
blood value, and 38% of pregnant women exceed the 8 μg/L 

whole blood value. It appears that the body burden for Hg in 
northern Canada is still high. Laird et al. (2013b) showed that 
ringed seal liver is the major source of Hg, particularly among 
Inuit in Nunavut. In response, the Nunavut government issued 
dietary advice for WCBA to lower their intake of ringed seal 
liver in June 2012 (see Chap. 6, Sect. 6.4.2). In Nunavik, beluga 
meat is the major source of Hg for Inuit (Lemire et al. 2015), 
which has also been the subject of recent dietary advice, issued 
by the Nunavik government.

Men had a higher proportion of individuals exceeding the Canadian 
blood Pb intervention level of 100 μg/L whole blood, than either 
all women or WCBA. More than 10% of men in Nunavut and 
the Inuvialuit Settlement Region have blood Pb concentrations 
above 100 μg/L whole blood. In contrast, a small percentage of 
Inuit WCBA from Nunavut showed blood Pb concentrations in 
excess of the 100 μg/L whole blood level. The percentage of all 
women in Nunavut above this value is higher than in either the 
Inuvialuit Settlement Region or Nunatsiavut. Interestingly, the 
percentage of men exceeding the 100 μg/L whole blood value was 
actually higher among those in Inuvialuit Settlement Region than 
in Nunavut, despite Inuit from Nunavut having slightly higher 
mean concentrations. In Nunavik (Table 3.49), the percentage of 
pregnant women exceeding the 100 μg/L whole blood level in 
2011–2012 was 1.8%, although further sampling in 2013 found 
all pregnant women were below 100 μg/L whole blood. It is clear 
from Table 3.49 that the percentage of pregnant women and 
WCBA exceeding the 100 μg/L whole blood intervention level 
has decreased steadily over time in Nunavik, with exceedances 
approaching 0% since 2004. 

Recent advances in Pb toxicology have shown that adverse 
health effects from Pb are possible even below 100 μg/L whole 
blood (e.g. Lanphear et al. 2005; Crump et al. 2013). For this 
reason, the US CDC recently lowered its blood Pb reference 
value for children to 50 μg/L whole blood. When comparing 
concentrations of blood Pb in pregnant women to this lower 
level, a small percentage of exceedances in Nunavik is seen. 
As mean concentrations of Pb among pregnant women are 
well below 50 μg/L whole blood, the exceedances observed are 
reflective of a small percentage of the population exposed to 
potentially concerning levels of Pb.

3.6.2 Exceedances in Greenland

Table 3.50 shows that two WCBA (may include pregnant 
women) in northern Greenland both had levels of Hg exceeding 
the blood Hg level equivalent to the current US EPA reference 
dose, 5.8 μg/L, and the Canadian provisional blood guidance 
value of 8 μg/L. However, neither exceeded the 20 μg/L Health 
Canada guidance value for MeHg or the 100 μg/L Canadian 
blood intervention level for Pb. All of the sample population 
from eastern Greenland also exceed the 5.8 μg/L MeHg value, 
and almost half of the sample population still exceed the 20 μg/L 
MeHg guidance value. With the exception of eastern Greenland, 
most women do not exceed the 20 μg/L MeHg guidance value. 
Disko Bay and south-western Greenland both show a small 
section of the population exceeding this level. Also, given that 
women in Greenland have been shown to have lower levels than 
men, it is likely that a higher proportion of men are exceeding 
the 20 μg/L guideline for adult MeHg levels (Lenters et al. 2015, 
Long et al. 2015).

Box 3.1 Biomonitoring equivalents and AMAP

AMAP has done extensive work on characterizing 
Arctic people’s exposure to chemicals via biomonitoring. 
This wealth of data provides unique opportunities for 
researchers investigating exposures and potentially related 
health effects, while at the same time posing challenges to 
researchers asked to explain the meaning of the results to 
the participating communities.

Biomonitoring Equivalents (BEs) are estimations of the 
concentration of a chemical or metabolite in a biological 
specimen (such as blood or urine) that are consistent with a 
guidance value, such as a Tolerable Daily Intake. BEs can be 
used by researchers to place biomonitoring data in a public 
health risk context. Comparing biomonitoring data to these 
identified ‘tolerable’ exposure levels provides a framework 
to help communicate the interpretation of biomonitoring 
results at the population level.

Biomonitoring Equivalents have been developed for 
over 100 compounds (Hays et al. 2007, 2008; Kirman et 
al. 2011; Krishnan et al. 2011), including many persistent 
compounds measured in AMAP studies. Many factors need 
to be considered when correlating biomonitoring data with 
potential health effects. Potential confounders have been 
identified for biomarkers in urine (body mass index, age, 
race, time since last void, fasting time) and blood (serum 
lipids and proteins, etc.). Inter-individual variability can 
also affect measured concentrations, although this issue 
pertains mostly to short-lived compounds. Also, the effects 
of mixtures are not considered in these calculations. 
Additional work into the application of BEs could be a 
valuable additional tool for researchers and public health 
practitioners in interpreting Arctic biomonitoring data at 
the population level.
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Table 3.48 Exceedance (% calculated as greater than the guideline value) of North American blood guidelines for total Hg and Pb in participants of the Inuit 
Health Survey (2007-2008): women of childbearing age (18-39 years), all women (18-90 years) and men (18-89 years). Source: Chan pers. comm. (2014).

Region n Total Hg Pb

>5.8 µg/La >8 µg/Lb >20 µg/Lc >50 µg/Ld >100 µg/Le

WCBA

Inuvialuit Settlement Region 74 16.2 12.2 1.4 5.4 0

Nunavut 491 48.3 36 10.2 11.2 2.2

Nunatsiavut 60 9.3 9.3 1.7 5.0 0

All 3 regions 625 40.6 30.6 8.3 9.9 1.8

Women

Inuvialuit Settlement Region 187 8.0 2.7

Nunavut 977 20.5 6.6

Nunatsiavut 165 0.6 2.4

All 3 regions 1329 16.2 5.5

Men

Inuvialuit Settlement Region 92 12 12

Nunavut 650 27.9 10.5

Nunatsiavut 98 3.1 6.1

All 3 regions 840 23.2 10.1

aUS EPA blood MeHg equivalent (US EPA, 2015); bprovisional interim blood guidance value (Legrand et al. 2010); cCanada’s guidance value for MeHg 
in blood of women aged 50+ years and men over 18 years of age (Health Canada, 1999); dUS CDC Pb blood reference value for pregnant women and 
children (US CDC, 2014b); eCanada’s blood intervention level (CEOH, 1994). 

Table 3.49 Exceedance (% calculated as greater than or equal to the guideline value) of North American blood guidelines for total Hg and Pb in pregnant 
women and women of childbearing age (18–39 years) from Nunavik (1992–2013). Source: Dewailly pers. comm. (2014); Ayotte pers. comm. (2014).

n Mean age 
(range)

Total Hg Pb

≥5.8 µg/La ≥8 µg/Lb ≥20 µg/Lc ≥50 µg/Ld ≥100 µg/Le

1992 WCBA 170 28 (18–39) 90.2 76.2 22.6 73.8 26.2

1996–1997 PW 78 25 (15–41) 92.3 71.8 19.2 60.3 11.5

1998–1999 PW 43 25 (15–37) 60.5 51.2 7.0 48.8 16.3

2000–2001 PW 47 26 (17–39) 74.5 61.7 21.3 38.3 8.5

2004 WCBA 283 28 (18–39) 72.7 53.2 15.5 15.8 2.9

2004f PW 31 27 (18–42) 67.7 51.6 6.4 6.4 0

2007 PW 42 24 (18–37) 33.3 16.7 2.4 4.8 0

2011–2012 PW 111 24 (18–39) 49.6 36 5.4 3.6 1.8

2013 PW 95 24 (18–41) 52.6 37.9 3.2 1.0 0

p-trendg <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

PW: pregnant women; WCBA: women of childbearing age. aUS EPA blood MeHg equivalent (US EPA, 2015); bprovisional interim blood guidance value 
(Legrand et al. 2010); cCanada’s guidance value for MeHg in blood of women aged 50+ years and men over 18 years of age (Health Canada, 1999); dUS 
CDC Pb blood reference value for pregnant women and children (US CDC, 2014b); eCanada’s blood intervention level (CEOH, 1994); fnot included in 
the trend test; gbased on Cochrane-Armitage trend test.

Table 3.50 Exceedance (% calculated as greater than the guideline value) of North American blood guidelines for total Hg and Pb in pregnant women 
and women of childbearing age in Greenland. All data collected in 2002–2004, except for samples from the western Greenland site which were collected 
in 2010–2011 and 2013. Source: Bonefeld-Jørgensen and Long pers. comm. (2014).

Region n Total Hg Pb

>5.8 µg/La >8 µg/Lb >20 µg/Lc >50 µg/Ld,e >100 µg/Lf

Greenland (all) 184 43 28 7 0.5g 1

North 2 100 100 0 0h 0

Disko Bay 61 49 38 8 0i 0

Mid-West 30 27 17 0 na 7

West 121 na na na 0.8 na

South-West 56 21 13 4 na 0

South 22 36 18 0 0j 0

East 13 100 85 46 0k 0

aUS EPA blood MeHg equivalent (US EPA, 2015); bprovisional interim blood guidance value (Legrand et al. 2010); cCanada’s guidance value for MeHg 
in blood of women aged 50+ years and men over 18 years of age (Health Canada, 1999); dexceedances derived from ACCEPT project, 2010–2011 and 
2013; eUS CDC Pb blood reference value for pregnant women and children (US CDC, 2014b); fCanada’s blood intervention level (CEOH, 1994); gsample 
size: n=202; hsample size: n=14; isample size: n=49; jsample size: n=15; ksample size: n=3.
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Very few Greenlandic pregnant women and WCBA exceeded 
the 100 μg/L Pb blood intervention level, with mid-western 
Greenland having the most at 7% of 30 sampled women. Using 
the more recent ACCEPT sampling, very few pregnant women 
and WCBA exceeded the 50 μg/L Pb blood reference value for 
children (Long et al. 2015).

In the previous AMAP assessment (AMAP 2009), a high 
proportion of Greenlandic pregnant women and WCBA 
exceeded the Hg blood guidance value. In particular, women 
in Qaanaaq (North) had an exceedance of 94% for the 20 μg/L 
value. For all eight regions, the 5.8 μg/L blood MeHg level 
equivalent was exceeded by 76% of women (AMAP 2009) 
compared to 43% in this assessment, and the 20 μg/L value 
was exceeded by 35% of women (AMAP 2009) compared to 
the current 7%. Although blood Hg levels remain elevated, 
the proportion of the population exceeding guidance values 
is gradually being reduced.

3.7 Discussion

In Russia and the Faroe Islands, levels of contaminants in 
children by 5 to 7 years of age matched levels in their mother’s 
blood at parturition. Using calculated partition ratios, levels of 
certain contaminants in cord blood are expected to range from  
approximately 29 to 74% of levels found in the mother’s serum 
(Needham et al. 2011). As mentioned previously, it is expected 
that pregnancy and breastfeeding lead to a displacement of 
contaminants for mothers (Vartiainen et al. 1997; Kiviranta 
et al. 1999; Dudarev et al. 2010). However, this also translates 
into the possibility of ongoing exposure for children during 
early childhood, during critical developmental stages, which 
may lead to adverse effects (see Chap. 4). This is why the focus 
on managing contaminant exposure for WCBA and pregnant 
women remains important, until levels of contaminants decline 
in sources of exposure.

As indicated in the Canadian, Greenlandic and Russian data 
sets, there were many cases of lower levels of POPs and OCs 
in women, and WCBA, than in men. This may be an indicator 

of the success in reaching the target population with the risk 
communications messages (see Chap. 6), or indicate a dietary 
shift from traditional foods to store-bought foods. The lower 
levels in younger women could also reflect the age difference 
between groups, where older men or women may have higher 
body burdens. However, it also highlights a potential issue 
that men may not be receiving similar dietary advisories or 
appropriate information to make dietary choices for their 
own health. Studies are beginning to examine the potential 
contribution of epigenetic changes in sperm due to exposure 
to contamination, including contaminants of concern under 
the Stockholm Convention (Delbès et al. 2010; Anderson et al. 
2014). These epigenetic changes could result in adverse effects 
in children due to damage to the sperm cells. However, even 
without the concern about transmissible damage to germ cells, 
it is known that high body burdens of these contaminants of 
concern can lead to health effects in all adults (see Chap. 4).

For certain countries, AMAP data now span almost 20 to 
30 years, due in part to sample biobanking which allows for 
retrospective analysis with newer laboratory techniques of the 
stored samples for more recent contaminants of concern. In 
comparing changes in these contaminant concentrations, for 
example, changes in POPs concentrations in Norwegian men 
(Fig. 3.5), with the toxicokinetic analyses performed using these 
long-term biomonitoring data sets (e.g. Grandjean et al. 2008), 
the alignment of estimated elimination rates can be examined 
in the context of observed concentrations, and potential outside 
influences on contaminant levels, such as dietary advisories, 
market shifts and international risk management.

Comparing levels in this assessment with other biomonitoring 
activities that occur globally, it is clear that some Arctic 
populations are still experiencing elevated levels of exposure 
to certain contaminants of concern, compared to populations 
elsewhere (Table 3.51). For example, blood Hg concentrations 
are elevated in all countries where data are available, except in 
Sweden, where levels are comparable to those reported in the 
Canadian Health Measures Survey (CHMS) and the National 
Health and Nutrition Examination Survey (NHANES) from 
the USA. The CHMS is representative of the general Canadian 

Table 3.51 Concentrations of selected contaminants across Arctic countries, compared with biomonitoring in non-Arctic areas. Data presented as 
geometric means, in blood of pregnant women or WCBA, except for DDE and PCB153 in Sweden and Finland which are levels in breast milk. POPs 
presented in μg/kg plasma lipid and metals in μg/L whole blood. Source: AMAP (2009), US CDC (2009, 2011a, 2014a), Health Canada (2010, 2013), Jones 
et al. (2010), Glynn et al. (2011b); Lignell et al. (2014); Ayotte pers. comm. (2014), Berner pers. comm. (2014), Dewailly pers. comm. (2014), Dudarev pers. 
comm. (2014), Weihe pers. comm. (2014), Long et al. (2015).

Alaskaa Canada 
(Nunavik)

Greenland 
(East)a

Icelanda Faroe 
Islandsa

Norwaya Sweden Finland Russia CHMS NHANES

DDE 82.7 130a 587 36 131 38.7 34b,c na 102a 102d 241e

PCB153 14.8 40a 288 34 91.2 24.8 24b,c 18.7b 12.2a 8.2d 19.7e

PBDE47 19.8 <LODa 2.4 1.7 na na 0.4b,c 1.6b,f na 10.8d 19.6e

PBDE99 4.5 <LODd 1.3 <1.3 na na na 1.6b,f na N/Cg N/Cg

PFOS 2.2 3.9a 15.8 6.2 na 8.0c 6.7d na na 4.4d 7.6e

Total Hg 2.2 5.2a 7.0 na na 1.2 0.6a,c na 1.6d 0.7d 0.7e

Pb 7.4 14a 6.0 na na 7.4 10d,c na 29.6d 8.5d 8.4e

Se 181 300a 140 na na 84.7 na na na 190d 188e

CHMS: Canadian Health Measures Survey; NHANES: US National Health and Nutrition Examination Survey. aPregnant women; bdata are for breast 
milk from first-time mothers (μg/kg lipid); cmedian value; dWCBA; edata for all females, aged 12+ years; fPBDE47 and PBDE99 result combined with 
other PBDEs; ggeometric mean not calculated as proportion of results below limit of detection was too high to provide a valid result.
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population that does not include the Canadian Arctic (Health 
Canada 2010, 2013). NHANES is also a nationally representative 
survey, representing the non-Arctic general population of the 
United States (US CDC 2009). Lead is also elevated in certain 
Arctic regions, especially in the Chukotka Peninsula of Russia, 
and Nunavik and Nunavut in Canada, but other Arctic countries 
have levels similar to those in the non-Arctic biomonitoring 
results. Levels of DDE in Eastern Greenland populations are 
higher than those found in other countries. However, levels 
of DDE in all females aged 12 and older from the USA are 
higher than pregnant women from the ACCEPT project in 
the rest of Greenland, and women from other Arctic countries.
WCBA sampled in Nunavik (Canada) and mothers in the 
Faroe Islands have elevated levels compared to the CHMS. 
Levels of DDE in pregnant women from Russia’s Murmansk 
region are comparable to those found in Canadian women aged 
20–39 years from the CHMS.

Comparisons of PBDEs and PFOS and PFOA concentrations 
in blood samples obtained in Arctic countries and non-Arctic 
countries may point to different exposure pathways. PBDE47 
levels in the maternal population in Alaska exceed those tested 
under the CHMS or NHANES, and they far exceed those found 
in other Arctic countries. PBDE99 levels in all Arctic populations 
exceed those found in the general population tested by the 
CHMS and NHANES, in that a geometric mean could not be 
reliably calculated for this contaminant because so few of the 
analyzed population in the CHMS and NHANES had levels 
above the limit of detection. Populations in Greenland showed 
very high levels of PFOS, whereas concentrations found in 
pregnant women in Iceland and first-time mothers in Sweden 
are more comparable to the concentrations found in the CHMS 
and NHANES. Geographical differences in concentrations of 
PBDEs and PFCs between Arctic populations may also be due 
to large-scale differences in the movements of the air masses and 
ocean currents carrying pollutants into the Arctic via long-range 
transport, or animal migration (AMAP 1998; Möller et al. 2012).

3.8 Conclusions and recommendations

3.8.1 Conclusions

Biomonitoring studies are an essential component of 
managing human health risks from exposure to environmental 
contaminants, including the ability to analyze the risks and 
benefits for human populations which consume traditional 
food. Biomonitoring activities are currently ongoing in the 
eight Arctic countries.

Maternal transfer of POPs and metals to infants is decreasing as 
maternal levels decrease (e.g. Faroe Islands), resulting in levels 
in newborns presently being lower than they were 20 years ago. 
However, data show that children are still accumulating higher 
levels of contaminants in their early years, with levels decreasing 
later in adolescence and early adulthood (e.g. Faroe Islands, 
Russia), potentially due to dilution through growth, changes 
in dietary preference and/or other factors.

Levels of most POPs have declined significantly since 1979, as 
seen in Norwegian men, although certain PFCs show no such 
decline. Changes in PBDE levels follow a different pattern to 

most other POPs, suggesting an alternative exposure route, 
such as dust from indoor furnishings (e.g. Whitehead et al. 
2015). PBDEs may not accumulate in the same way as other 
POPs, such as PCBs in the food chain, or a combination of 
sources of exposure from food and consumer products or 
furnishings causes a different accumulation pattern. This still 
needs investigation.

Blood Hg concentrations are still elevated in Greenland, parts 
of Canada, and the Faroe Islands, although they are lower now 
in maternal blood than in 1986. Levels in Norway and Sweden 
have decreased and are now equivalent to those found in non-
Arctic North America, such as for US women aged 16–49 years 
in 2009–2010 (0.86 μg/L) (US EPA 2013) and Canadian women 
aged 20–39 years from the general population in 2007–2009 
(geometric weighted mean 0.70 μg/L) (Lye et al. 2013).

Blood Pb concentrations are still elevated in parts of Russia 
and Canada, whereas levels in other Arctic countries have 
declined. As suggested by Fillion et al. (2014), there may be 
other important sources of exposure in addition to lead shot in 
country food, such as paint and ammunition dust contributing 
to the Pb load in house dust.

Precaution, including dietary advice (see Chap. 6), is still 
important for WCBA and pregnant women in the Arctic. 
Despite elevated levels, certain high concern contaminants 
(e.g. p,p’-DDT, PCB153, HCB, Hg) in the presented Arctic 
populations are continuing to decrease relative to previous 
years. It is possible that this is evidence that international 
and national risk management of long-range transport 
contaminants may be having a positive effect, an indicator 
being the decline in measured body burdens after considering 
the population demographic and birth years for sampled 
populations. While local dietary advice and dietary transitions 
may also be resulting in decreased current exposure (see 
Chap. 6), for the more persistent POPs, older individuals born 
prior to the regulatory actions may nonetheless be expected 
to have a greater lifetime accumulation. Differences in levels 
seen between men and women may also be evidence that 
specific dietary recommendations for WCBA and pregnant 
women may be reaching their target populations, although 
this may depend on the length of time of dietary advisory 
compliance required to see changes in body burden. Moreover, 
a woman’s reproductive behaviors, such as breastfeeding and 
number of children born, can have additional impacts on 
their chemical body burden. Although the observation that 
decreasing levels of contaminants in women are resulting in a 
decline in contaminant exposure for the fetus, there have been 
fewer studies across time involving men, thus it is less clear 
whether adult men are protected from the potential health 
effects of elevated body burdens of contaminants of concern. 

Despite global action through the Stockholm Convention 
to reduce the production and use of POPs, contaminants 
are still being transported to and recycled within the Arctic 
environment (Möller et al. 2012; Garmash et al. 2013). In 
addition to long-range transport as a source of contaminants 
to the Arctic, there is evidence that global warming may 
affect the cycling of contaminants within the Arctic 
environment (Carrie et al. 2010), with the potential for release 
of contaminants currently held in soil, permafrost or ice, 
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although few changes have been seen in the Arctic food webs 
to date (Garmash et al. 2013) (see also Chap. 7). Nevertheless, 
changes in the structure and dynamics of the Arctic food webs, 
especially in relation to species forming part of the traditional 
diet, could have implications for contaminant levels in Arctic 
populations, with associated impacts on human health. 
Although time series data sets indicate a current decline in 
concentration for most POPs in Arctic biota, particularly 
PCBs and DDT, and contaminants such as PBDEs and PFOS 
that, prior to 2000 appeared to be increasing now appear 
to show either no trends or a decrease (AMAP 2014), the 
potential implications for human health highlight the clear 
need to continue biomonitoring contaminants of concern. 
Further biomonitoring will also aid in measuring the success 
of international risk management strategies for reducing risk 
for all Arctic and vulnerable populations.

3.8.2 Recommendations

 • Analytical laboratories are highly recommended to participate 
in an external QA/QC program and are encouraged to 
submit compound-specific performance results.

 • Continue coordinated international biomonitoring in order 
to provide a globally comparable data set, using as similar 
a study design as possible or a single international effort, 
especially for Stockholm Convention contaminants and Hg.

 • Recognizing the varying requirements of ethics approval 
committees, store samples for longer periods of time in 
biobanks to facilitate the identification of long-term trends 
in new contaminants of concern.

 • Continue research concerning dietary and non-dietary 
sources of PBDEs and PFCs, to complement knowledge of 
exposure sources of other POPs.

 • Undertake monitoring for new contaminants and 
elucidate sources of exposure for Arctic populations.

 • Increase focus on the effects and levels of POPs and 
metals in men in the Arctic to protect their health, and 
further research effects for the fetus from health impacts 
for men, such as epigenetic changes in sperm due to 
contaminant exposure.

 • Sustain and expand international effort on the monitoring 
of contaminants transported over long distances to 
the Arctic, to support international conventions and risk 
management, and communication activities with Arctic 
populations.

 • Investigate the use of Se levels as a biomarker for a 
traditional diet, and the potential health benefits of Se.

 • Investigate the speciation of Se in traditional Arctic diets.

 • Increase efforts to find specific evidence of selenosis or 
Minamata disease in Arctic populations.

 • Develop and apply tools for measuring changes of 
significance in contaminant body burdens for Arctic 
nations, and attribute identified trends to external 
factors such as changes in lifestyle or dietary practices, or 
improvements in the Arctic environment.

 • Continue to develop innovative tools (e.g. Biomonitoring 
Equivalents, comparative and accessible sampling 
methodologies, new or novel laboratory techniques) to help 
generate, analyze and interpret biomonitoring data and to 
support public health authorities.
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Fig. A3.1 Trends in contaminant concentrations (geometric means, 95% confidence intervals) in pregnant Inuit women from Nunavik, Canada. A special 
analysis (Pereg pers. comm. 2007) was performed on the data, using regression adjusted for age and region (Hudson or Ungava) and smoking status 
(smoker vs. non-smoker). Source: Dewailly pers. comm. (2014).
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Table A3.1 Confidence intervals (95%) for data presented in Sect. 3.4.3.1 and 3.4.3.2, as well as geometric means of additional contaminants among 
Inuit men in Greenland by age group (years). POPs in μg/kg plasma lipid, metals in μg/L whole blood. Data from the Inuit Health in Transition study, 
2005–2010. Source: Nielsen et al. (2012); Bjerregaard et al. (2013); Valera et al. (2013c).

Mean age (range) 24 (18–29) 41 (30–49) 61 (≥50) p

Mean (range) 95% CI Mean (range) 95% CI Mean (range) 95% CI

Aldrin 1.8 (1.0–3.0) 1.7–1.9 1.5 (0.6–4.0) 1.4–1.5 1.6 (0.4–440) 1.5–1.8 <0.001

α-Chlordane 1.8 (1.0–4.4) 1.7–1.9 1.5 (0.3–4.7) 1.4–1.6 1.6 (0.2–440) 1.5–1.8 <0.001

γ-Chlordane 0.88 (0.6–1.0) 0.86–0.9 0.77 (0.3–13) 0.75–0.79 0.84 (0.1–230) 0.78–0.89 0.004

Oxychlordane 57.2–85.5 180–231 443–538

trans-
Nonachlor

119–168 335–414 735–865

cis-Nonachlor 23.3–32.8 63–77 126–147

p,p’-DDT 14.8–19.6 24.4–29.4 35.8–43.1

p,p’-DDE 470–664 970–1172 1682–1962

DDE:DDT 29.6–37.3 38–41.9 43.5–49.1

HCB 66.6–87.8 159–190 341–398

β-HCH 9.8–13.3 26.1–31.2 48.7–56.8

Mirex 10.6–15.4 31.7–40.5 81.5–100

PCB28 8.8 (6.0–20) 8.6–9.1 7.4 (0.6–27) 7.2–7.7 7.8 (1.0–1400) 7.3–8.4 0.004

PCB52 54.7 (30–80) 52.7–56.8 46.6 (7.2–170) 45.3–47.9 49.3 (2.3–14000) 45.9–53 0.006

PCB99 28.3–40 57.7–70.7 101–119

PCB101 7.2 (3.0–40) 6.6–7.9 8.7 (1.8–120) 8.1–9.3 11.6 (1.3–440) 10.7–12.6 <0.001

PCB105 5.2 (1.0–29) 4.5–6.1 11.3 (1.0–230) 10.2–12.5 24.2 (1.0–440) 22.2–26.4 <0.001

PCB118 23.5–33.1 61.6–75.7 142–167

PCB128 3.2 (1.0-16) 2.7–3.4 3.6 (0.7–51) 3.4–3.9 5.0 (1.0–440) 4.6–5.5 <0.001

PCB138 95.8–132 207–246 372–429

PCB153 232–300 497–598 997–1159

PCB156 13.6 (1.0–110) 11.8–15.9 34.4 (3.2–590) 31.6–37.5 82.3 (6.3–510) 76.6–88.4 <0.001

PCB163 42.1 (3.0-260) 35.6–49.9 102 (7.3–1600) 92.9–113 247 (9.2–1200) 227–268 <0.001

PCB170 45.9 (3.0–460) 38.4–54.9 111 (11–2000) 100–122 234 (19–1400) 217–254 <0.001

PCB180 112–160 302–366 690–809

PCB183 13.7 (1.0–89) 11.7–16 26.5 (2.5–380) 24.3–28.9 46.9 (3.1–440) 43.6–50.6 <0.001

PCB187 53.7 (3.0–280) 45.7–63.1 123 (11–1700) 112–134 249 (15–1100) 232–267 <0.001

Hg 6.7–9.2 15.4–18.2 25.8–31

Se 173–203 264–297 329–377

Sample size for OC pesticides: n=856–859; sample size for PCBs: n=796–859; sample size for Hg: n=1375; sample size for Se: n=1366.
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Table A3.2 Confidence intervals (95%) for data presented in Sect. 3.4.3.1 and 3.4.3.2, and geometric means of additional contaminants among Inuit women 
in Greenland by age group (years). POPs in μg/kg plasma lipid, metals in μg/L whole blood. Data from the Inuit Health in Transition study, 2005–2010. 
Source: Nielsen et al. (2012); Bjerregaard et al. (2013); Valera et al. (2013c).

Mean age (range) 24 (18–29) 40 (30–49) 61 (≥50) p

Mean (range) 95% CI Mean (range) 95% CI Mean (range) 95% CI

Aldrin 1.7 (1.0–5.0) 1.6–1.8 1.5 (0.7–3.0) 1.5–1.6 1.4 (0.8–400) 1.3–1.5 <0.001

α-Chlordane 1.7 (0.7–3.0) 1.6–1.8 1.5 (0.2–5.7) 1.5–1.6 1.4 (0.2–400) 1.3–1.5 <0.001

γ-Chlordane 0.84 (0.2–200) 0.82–0.86 0.78 (0.2–1.4) 0.77–0.8 0.76 (0.2–200) 0.71–0.81 0.022

Oxychlordane 48.2–64.8 120–149 401–475

trans-Nonachlor 95.6–122 218–262 649–744

cis-Nonachlor 19.5–24.8 41.5–49.6 112–127

p,p’-DDT 13.8–16.9 21.2–24.6 32.5–39

p,p’-DDE 394–499 764–906 1723–1981

DDE:DDT 26.9–31.4 34.7–38.3 48.6–55.4

HCB 62.5–77.3 134–157 367–416

β-HCH 9.1–11.4 20.4–23.8 49.4–56.1

Mirex 6.8–8.8 18.6–22.5 59–71.7

PCB28 8.4 (5.0–20) 8.2–8.6 7.3 (0.9–20) 7.1–7.5 7.0 (0.4–1200) 6.5–7.5 <0.001

PCB52 50.6 (30–100) 49.3–52 47.4 (9.7–170) 46.4–48.4 45 (4.4–12000) 41.8–48.3 0.014

PCB99 23.4–30.2 47.4–56.3 103–119

PCB101 6.5 (4.0–32) 6.1–6.9 7.9 (2.6–77) 7.5–8.4 10.6 (1.3–400) 9.8–11.4 <0.001

PCB105 5.3 (1.0–44) 4.7–5.9 10.4 (1.0–95) 9.6–11.3 25.1 (2.0–400) 23.3–27 <0.001

PCB118 24.7–31.4 54.4–64.5 151–172

PCB128 2.6 (1.0–16) 2.5–2.9 3.3 (0.6–35) 3.1–3.6 4.9 (0.8–400) 4.4–5.3 <0.001

PCB138 72.5–90.9 158–185 366–424

PCB153 150–192 350–416 930–1069

PCB156 8.2 (1.0–56) 7.3–9.1 21.6 (1.0–250) 19.9–23.5 73.4 (8.3–480) 68.2–79.1 <0.001

PCB163 27.6 (4.7–200) 24.4–31.2 67.6 (2.0–550) 61.8–74 219 (21–1600) 202–238 <0.001

PCB170 27.4 (4.1–270) 24.1–31.4 68.9 (2.0–690) 62.9–75.5 196 (23–1200) 181–212 <0.001

PCB180 69.6–90 187–223 562–659

PCB183 9.4 (1.8–53) 8.5–10.6 20.9 (2.0–170) 19.3–22.6 46.9 (2.2–420) 43.7–50.3 <0.001

PCB187 34.5 (5.7–190) 30.8–38.7 82.1 (2.2–520) 75.7–89 230 (27–2000) 215–246 <0.001

Hg 7.3–9.5 12–14 20.3–24.1

Se 191–217 255–279 351–397

Sample size for OC pesticides: n=1051–1053; sample size for PCBs: n=995–1053; sample size for Hg: n=1730; sample size for Se: n=1721.
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Table A3.3 Confidence intervals (95%) for data presented in Sect. 3.4.3.1, and geometric means of additional contaminants by region and residence 
in towns or villages, Greenland. POPs in μg/kg plasma lipid. Data from the Inuit Health in Transition study, 2005–2010. Source: Nielsen et al. (2012); 
Bjerregaard et al. (2013); Valera et al. (2013c).

Avanersuaqa North-westb South-westc Eastd Nuuke

Town Villages Towns Villages Towns Villages Town Villages Town

Sample size n=245–246 n=30 n=265–331 n=123–187 n=325–350 n=188–251 n=172 n=180 n=125–154

PCB28 7.5 
(7.3–7.8)

7.7 
(7.2–8.2)

5.7 
(5.3–6.1)

8.5 
(8.2–8.8)

7.5 
(7.3–7.7)

7.8 
(7.6–8.1)

7.8 
(7.5–8.0)

8.1 
(7.9–8.4)

10.7 
(8.9–12.9)

PCB52 45.6 
(44–47.2)

44 
(42–48.1)

45.3 
(42.9–47.8)

49.3 
(47.6–51.1)

46 (44.7–
47.2)

45.6 
(44.5–46.7)

47.2 
(45.6–48.8)

49.1 
(47.4–51)

67.3 
(55.2–81.9)

PCB99 (70.9–87.5) (79.1–140) (69.4–82.8) (93.4–118) (28.6–35.6) (71–86.8) (71.6–92.5) (118–142) (23.1–33.4)

PCB101 11.7 
(10.8–12.8)

14.8 
(11.6–18.8)

8.9 
(8.4–9.6)

10.8 
(9.9–11.8)

5.8 
(5.5–6.0)

7.9 
(7.5–8.5)

9.7 
(8.8–10.7)

15.5 
(13.7–16.4)

6.9 
(5.9–8.2)

PCB105 17.9 
(16–20.1)

26 
(19.7–34.2)

15.6 
(14.3–17.1)

17.6 
(15.6–19.9)

5.9 
(5.3–6.6)

14.3 
(12.8–15.8)

15.5 
(13.5–17.8)

29.6 
(26.7–32.7)

6.6 
(5.4–8.0)

PCB118 (87–111) (102–187) (95.4–115) (87.9–113) (33.3–42) (85.3–105) (72.7–95.9) (149–184) (27.6–39.4)

PCB128 4.0 
(3.7–4.3)

5.4 
(4.3–6.6)

3.3 
(3.0–3.5)

4.1 
(3.7–4.5)

2.5 
(2.3–2.6)

4.1 
(3.7–4.4)

5.9 
(5.2–6.7)

8.6 
(7.7–9.4)

2.9 
(2.4–3.5)

PCB138 (205–254) (208–382) (234–278) (220–276) (120–149) (297–365) (233–313) (415–504) (86–115)

PCB153 (525–666) (531–1105) (551–660) (681–879) (258–326) (730–912) (522–697) (897–1112) (183–247)

PCB156 32.1 
(28.1–36.7)

34.7 
(22.2–54.1)

41.2 
(37.4–45.4)

41.1 
(35.4–47.6)

19.9 
(17.6–22.5)

50 
(44.4–56.4)

34.1 
(29–40.2)

66.1 
(57.9–75.8)

17.4 
(14.5–20.8)

PCB163 110 
(96.7–125)

136 
(91.1–202)

110 
(98.6–124)

123 
(107–142)

48.1 
(42.4–54.4)

166 
(148–188)

113 
(97–132)

207 
(183–234)

31.5 
(26.7–37.2)

PCB170 109 
(95.1–124)

141 
(92.2–215)

96.2 
(87.7–106)

166 
(144–192)

56.9 
(50.2–64.5)

156 
(137–177)

129 
(109–153)

222 
(196–252)

41.7 
(35.5–48.9)

PCB180 (273–358) (263–612) (293–356) (404–544) (154–199) (433–559) (316–441) (567–733) (104–142)

PCB183 24.5 
(22.1–27.1)

30.7 
(23.3–40.5)

26.4 
(24.3–28.7)

28.5 
(25.5–31.7)

17.6 
(15.7–19.6)

44.5 
(39.9–49.5)

33 
(29–37.6)

50.5 
(45.8–55.6)

13.8 
(11.5–16.4)

PCB187 125 
(112–140)

147 
(107–203)

126 
(115–138)

120 
(106–136)

74.5 
(65.9–84.1)

205 
(184–228)

130 
(113–150)

225 
(201–252)

54.2 
(46–63.8)

aQaanaq 2010; bAasiaat 2005–2006, Qasigiannguit 2005, Upernavik 2006; cQaqortoq 2005–2006, Nanortalik 2007, Narsaq 2007, Maniitsoq 2007; 
dTasiilaq 2008; eNuuk 2007.

Table A3.4 Confidence intervals (95%) for data presented in Sect. 3.4.3.1, and geometric means of additional OC pesticides by region and residence 
in towns or villages, Greenland. POPs in μg/kg plasma lipid. Data from the Inuit Health in Transition study, 2005–2010. Source: Nielsen et al. (2012); 
Bjerregaard et al. (2013); Valera et al. (2013c).

Avanersuaqa North-westb South-westc Eastd Nuuke

Town Villages Towns Villages Towns Villages Towns Villages Town

Sample size n=246 n=30 n=330–331 n=185–187 n=346–350 n=250–251 n=171–172 n=180 n=154

Aldrin 1.34 
(1.29–1.4)

1.3 
(1.2–1.5)

1.67 
(1.62–1.71)

1.6 
(1.5–1.7)

1.48 
(1.42–1.53)

1.45 
(1.39–1.51)

1.47 
(1.4–1.55)

1.64 
(1.55–1.72)

2.2 
(1.8–2.7)

α-Chlordane 1.38 
(1.32–1.44)

1.5 
(1.3–1.8)

1.4 
(1.31–1.48)

1.6 
(1.5–1.7)

1.47 
(1.42–1.53)

1.54 
(1.47–1.61)

1.5 
(1.4–1.6)

1.65 
(1.57–1.74)

2.2 
(1.8–2.7)

γ-Chlordane 0.72 
(0.7–0.74)

0.73 
(0.69–0.78)

0.81 
(0.78–0.84)

0.8 
(0.78–0.82)

0.76 
(0.74–0.78)

0.77 
(0.75–0.79)

0.78 
(0.75–0.79)

0.83 
(0.79–0.87)

1.1 
(0.9–1.3)

Oxychlordane (301–400) (334–742) (217–269) (384–528) (69.6–92.5) (253–329) (158–218) (339–436) (49.4–72)

trans-Nonachlor (507–649) (504–950) (405–498) (417–552) (157–203) (460–573) (281–374) (508–632) (112–161)

cis-Nonachlor (88.2–112) (92.5–164) (68–82.1) (68.3–89.3) (32.4–41.3) (84.7–104) (53.9–70.7) (99.2–122) (22.7–32.7)

p,p’-DDT (28.6–34.6) (31–53.4) (22.4–26.2) (25.1–31.7) (13.5–15.7) (30.6–37.3) (31.4–41.2) (61.3–74.4) (13.3–19.8)

p,p’-DDE (1085–1339) (1137–2030) (1124–1339) (1140–1445) (534–672) (1412–1717) (1103–1430) (1877–2297) (416–567)

DDE:DDT (36.2–40.5) (31.8–43.7) (48–53.2) (42.6–48.6) (38.4–44.5) (43.5–48.8) (32–38) (28.9–32.7) (25.7–35)

HCB (232–292) (256–461) (291–347) (230–293) (96.8–120) (184–222) (125–159) (250–301) (81.1–116)

β-HCH (43.1–55.1) (52.7–101) (28.2–32.8) (41.3–52.7) (13.9–16.9) (28.6–34.9) (19.8–26.1) (38.2–47.6) (12.8–18.1)

Mirex (35.1–46.8) (41.2–95.1) (25.1–31.4) (38.9–55) (15.1–20) (38.9–55) (30.2–42.7) (58.1–77.1) (9.7–14.7)

aQaanaq 2010; bAasiaat 2005–2006, Qasigiannguit 2005, Upernavik 2006; cQaqortoq 2005–2006, Nanortalik 2007, Narsaq 2007, Maniitsoq 2007; 
dTasiilaq 2008; eNuuk 2007. 
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Table A3.5 Additional POPs in pregnant women from different regions in Greenland in 2010–2011 and 2013. Data presented as geometric means (range). 
Data in μg/kg plasma lipid. Source: Long et al. (2015).

Northa Disko Bayb Westc Southd Easte p Allf

Mean age (range) 28 (21–35) 27 (19–40) 27 (17–44) 28 (21–41) 33 (31–37) 27 (17–44)

No. individuals sampled n=15 n=50 n=124 n=15 n=3 n=207

No. individuals measured n=14 n=50 n=122 n=15 n=3 n=204

PFHpS 0.27 
(0.06–1.44)

0.22 
(0.06–0.63)

0.17 
(0.06–1.15)

0.14 
(0.06–0.34)

0.31 
(0.11–0.58)

0.007 0.19 
(0.06–1.44)

PFNA 1.85 
(0.47–7.35)

1.37 
(0.67–3.34)

1.23 
(0.41–7.71)

1.0 
(0.44–1.6)

2.0 
(0.79–3.21)

0.006 1.29 
(0.41–7.71)

PFHpA 0.03 
(0.02–0.14)

0.04 
(0.03–0.18)

0.03 
(0.02–0.26)

0.03 
(0.02–0.1)

0.02 
(0.02–0.02)

0.367 0.03 
(0.02–0.26)

PFUnA 2.88 
(0.71–12.1)

2.34 
(0.32–16.3)

1.44 
(0.18–14.9)

1.25 
(0.48–4.69)

3.11 
(0.64–18.2)

0.001 1.68 
(0.18–18.2)

PFDoA 0.45 
(0.21–1.02)

0.35 
(0.2–1.36)

0.29 
(0.21–1.39)

0.32 
(0.21–1.85)

0.27 
(0.21–0.49)

0.074 0.31 
(0.2–1.85)

PFTrA 0.21 
(0.21–0.21)

0.21 
(0.21–0.21)

0.21 
(0.21–0.9)

0.21 
(0.21–0.21)

0.21 
(0.21–0.21)

0.76 0.21 
(0.21–0.9)

The p value is the difference among five regions in Greenland (one-way ANOVA analysis). aQaanaaq, Upernavik, Uummannaq; bIlulissat, Qasigiannguit, 
Qeqertarsuaq, Aasiaat; cSisimiut, Maniitsoq, Nuuk, Paamiut; dNanortalik, Narsaq, Qaqortoq; eTasiilaq; fIncludes the 15 Greenland districts.

Table A3.6 Concentrations of additional PFCs (μg/L serum) in pregnant Inuit women from Denmark and Greenland. The district is given by where the Inuit 
lived for the longest time. Data presented as geometric means (range). Data from the ACCEPT project (2010–2011 and 2013). Source: Long et al. (2015).

Denmark Greenland p Alla

Arithmetic mean age (range) 32 (29–41) 27 (17–44) 27 (17–44)

No. individuals sampled n=5 n=207 n=212

No. individuals measured n=5 n=204 n=209

PFHxS 0.64 (0.38–0.85) 0.69 (0.13–4.48) 0.33 0.68 (0.13–4.48)

PFNA 1.11 (0.8–1.93) 1.29 (0.41–7.71) 0.3 1.28 (0.41–7.71)

PFHpA 0.04 (0.03–0.09) 0.03 (0.02–0.26) 0.96 0.03 (0.02–0.26)

PFUnA 1.75 (0.68–6.63) 1.68 (0.18–18.2) 0.26 1.68 (0.18–18.2)

PFDoA 0.37 (0.21–0.66) 0.31 (0.2–1.85) 0.21 0.32 (0.2–1.85)

PFTrA 0.21 (0.21–0.21) 0.21 (0.21–0.9) 0.21 0.21 (0.21–0.9)

aIncludes Denmark and the 15 Greenland districts.

Table A3.7 Unadjusted 95% confidence intervals of total Hg and Se (μg/L whole blood) by region and residence in towns or villages, Greenland. Data 
from the Inuit Health in Transition study 2005–2010. Source: Nielsen et al. (2012), Bjerregaard et al. (2013), Valera et al. (2013c).

Avanersuaqa North-westb South-westc Eastd Nuuke

Town Villages Towns Villages Towns Villages Town Villages Town

n=246 n=30 n=576–578 n=244 n=897–902 n=283 n=172 n=179 n=430–441

Total Hg 65.4–80.7 68.7–116 16.7–19.3 42.7–51.9 8.2–9.3 20.7–24.2 7.4–12 42.7–51.9 5.9–7.1

Se 682–814 1029–1720 229–249 298–338 250–275 357–449 174–193 251–279 199–220

aQaanaaq 2010; bAasiaat 2005–2006, Qasigiannguit 2005, Upernavik 2006; cQaqortoq 2005–2006, Nanortalik 2007, Narsaq 2007, Maniitsoq 2007; dTasiilaq 
2008; eNuuk 2007.
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Table A3.8 Correction to AMAP (2009) data. Trends in contaminant concentrations (μg/kg plasma lipids for POPs, μg/L whole blood for metals) in 
pregnant Inuit women from Disko Bay, Greenland. Data show geometric means (range) for specified period of sampling. Statistical analysis a linear 
regression using log variables adjusted for age. Source: Deutch and Hansen (2000); Deutch et al. (2007a); Deutch unpubl. data; Krüger et al. (2012).

1994 1995 1996 1997 1999 2006 p

Mean age (range) 25 (20–35) 27 (20–35) 27 (20–35) 25 (20–34) 25 (20–34) 27 (21–35)

Sample size n=9 n=94 n=63 n=12 n=21 n=20

Oxychlordane 61 (8.5–289) 63 (2.7–417) 55 (2.5–241) 58 (4.0–190) 40 (1.9–148) 20 (3.8–67) <0.0001

p,p’-DDE 477 (224–986) 408 (63–2216) 342 (61–1246) 453 (142–2023) 269 (75–692) 178 (34–481) <0.0001

PCB153 143 (63–471) 193 (39–918) 169 (40–563) 204 (72–596) 118 (43–372) 69 (22–224) <0.0001

Total Hg 14 (3.3–42) 14 (2.0–75) 11 (5.0–29) na 13 (2.0–58) 12 (3.5–33) ns

Pb 26 (13–81) 37 (15–389) 32 (9.0–98) na 50 (25–135) 13 (2.8–48) <0.0001

Table A3.9 Correction to AMAP (2009) data. Concentrations of POPs (μg/kg plasma lipids) in Inuit women of childbearing age from Greenland. Data 
show geometric means (range) for specified period of sampling. Source: Deutch et al. (2004, 2007a), Deutch pers. comm. (2007); Krüger et al. (2012).

Sisimiut Qaanaaq Nuuk Qeqertarsuaq Narsaq All Greenlanda

2002–2003 2003 2005 2006 2006 1999–2006

Mean age (range) 33 (18–44) 33 (18–44) 36 (19–45) 34 (21–45) 35 (18–50) 33 (18–50)

Sample size n=42 n=34 n=45 n=44 n=42 n=299

Oxychlordane 35 (2.0–290) 164 (5.4–1249) 25 (4.0–250) 45 (3.8–403) 69 (7.5–670) 82 (20–2132)

trans-Nonachlor 77 (7.7–564) 278 (19–1530) 62 (9.3–471) 100 (11–687) 144 (18–1158) 149 (7.7–1530)

p,p’-DDT 3.8 (1.3–56) 21 (1.7–131) 4.3 (1.1–24) 7.2 (2.7–48) 12 (3.0–143) 13 (1.1–359)

p,p’-DDE 250 (37–1453) 581 (28–3296) 283 (51–1617) 364 (34–2388) 596 (54–3148) 553 (28–5847)

DDE:DDT 65 (13–270) 28 (8.5–120) 66 (9.5–280) 51 (10–270) 50 (5.2–410) 42 (5.2–410)

HCB 68 (11–308) 152 (13–639) 52 (22–265) 99 (12–984) 95 (19–342) 102 (11–984)

β-HCH 7.1 (1.4–33) 29 (1.8–139) 4.1 (1.1–38) 7.1 (0.82–66) 10 (1.7–42) 14 (0.8–291)

Mirex 5.6 (1.4–24) 18 (1.8–99) 4.7 (1.0–49) 5.9 (0.82–63) 12 (0.83–77) 12 (0.8–234)

Total toxaphene 40 (6.8–218) 110 (9.2–614) 41 (5.5–200) 55 (5.3–391) 70 (5.0–707) 76 (5.0–941)

Parlar 26 13 (1.4–87) 40 (1.8–247) 8.9 (1.3–40) 20 (2.0–137) 27 (2.0–280) 26 (1.3–373)

Parlar 50 18 (1.4–126) 61 (1.8–362) 16 (1.8–81) 35 (3.3–254) 43 (3.0–427) 40 (1.4–528)

Aroclor 1260 950 (168–3824) 2819 (222–15858) 970 (272–6764) 1117 (184–6500) 2259 (253–10609) 2213 (168–36380)

PCB118 21 (3.1–114) 58 (3.0–263) 20 (2.2–119) 28 (3.0–258) 36 (5.7–204) 43 (2.2–575)

PCB138 54 (11–237) 155 (13–700) 59 (20–353) 69 (9.0–417) 146 (18–722) 139 (9.0–2125)

PCB153 128 (20–524) 385 (30–2350) 126 (33–926) 144 (22–896) 286 (31–1463) 283 (20–4870)

PCB180 54 (8.4–201) 171 (21–1268) 63 (13–500) 73 (8.0–583) 132 (15–605) 140 (8.0–3594)

ΣPCB14 353 (67–1384) 1043 (99–5980) 358 (97–2427) 430 (58–2500) 807 (93–3571) 825 (58–13242)

aIncludes Ittoqqortoormiit 1999, Uummannaq 1999, Tasiilaq 2000, Sisimiut 2002–2003, Qaanaaq 2003, Nuuk 2005, Qeqertarsuaq 2006 and Narsaq 2006. 
ΣPCB14 includes PCB28, PCB52, PCB99, PCB101, PCB105, PCB118, PCB128, PCB138, PCB153, PCB156, PCB170, PCB180, PCB183, PCB187.
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Table A3.10 Correction to AMAP (2009) data. Concentrations of POPs (μg/kg plasma lipid) in Inuit men from Nuuk, Greenland by age category. Data 
show geometric means (range) for 2005. Source: Deutch et al. (2007a), Deutch pers. comm. (2007).

Mean age (range) 36 (35–38) 46 (42–50) 61 (51–77) All ages, 55 (35–77)

Sample size n=3 n=16 n=31 n=50

Oxychlordane 98 (85–111) 193 (25–575) 446 (125–1724) 302 (25–1724)

trans-Nonachlor 199 (171–231) 449 (69–1220) 934 (338–3793) 657 (69–3793)

p,p’-DDT 14 (13–16) 18 (1.4–72) 31 (10–106) 25 (1.4–106)

p,p’-DDE 760 (442–1304) 919 (232–2352) 1818 (437–10344) 1351 (232–10344)

DDE:DDT 55 (28–104) 51 (19–170) 58 (28–101) 55 (19–170)

HCB 114 (81–159) 218 (40–647) 405 (146–1149) 302 (40–1149)

β-HCH 12 (9.7–16) 25 (1.4–65) 49 (22–149) 36 (1.4–149)

Mirex 20 (13–30) 32 (7.0–120) 88 (19–321) 56 (7.0–321)

Total toxaphene 103 (100–106) 219 (31–560) 347 (134–1413) 274 (31–1413)

Parlar 26 21 (20–22) 46 (6.2–119) 77 (31–310) 59 (6.2–310)

Parlar 50 41 (40–42) 87 (13–220) 135 (50–551) 107 (13–551)

Aroclor 1260 3083 (2429–3913) 4262 (1315–12083) 9163 (3728–27586) 6527 (1315–27586)

PCB118 57 (34–94) 76 (13–220) 170 (63–540) 119 (13–540)

PCB138 177 (135–232) 234 (68–680) 463 (203–1264) 342 (68–1264)

PCB153 422 (342–521) 585 (178–1666) 1290 (491–4022) 909 (178–4022)

PCB180 208 (157–275) 322 (106–875) 823 (260–2643) 542 (106–2643)

ΣPCB14 1123 (875–1442) 1600 (490–4361) 3594 (1396–11112) 2509 (490–11112)

ΣPCB14 includes PCB28, PCB52, PCB99, PCB101, PCB105, PCB118, PCB128, PCB138, PCB153, PCB156, PCB170, PCB180, PCB183, PCB187.

Table A3.11 Correction to AMAP (2009) data. Concentrations of metals (μg/L whole blood) in Inuit women of childbearing age, Greenland. Data show 
geometric means (range) for specified period of sampling. Source: Deutch et al. (2004, 2007a), Deutch pers. comm. (2007).

Sisimiut Qaanaaq Nuuk Qeqertarsuaq Narsaq All Greenlanda

2002–2003 2003 2005 2006 2006 1999–2006

Mean age (range) 32 (18–44) 33 (18–44) 36 (19–45) 34 (21–45) 34 (18–50) 33 (18–50)

Sample size n=42 n=36 n=45 n=44 n=42 n=299

Total Hg 8.2 (1.2–33) 50 (5.7–164) 2.2 (0.5–10) 18 (3.5–65) 13 (4.1–60) 13 (0.5–164)

Pb 30.2 (8.0–118) 36 (18–164) 16 (5.0–101) 16 (2.8–84) 18 (2.0–404) 26.8 (2.0–404)

Cd 0.8 (0–5.3) 1.7 (0–11) 0.8 (0–2.5) 0.8 (0–2.1) 1.1 (0–6.4) 1.1 (0–11)

Se 158 (69–363) 502 (120–1910) 124 (58–428) 213 (86–798) 140 (85–409) 196 (58–1910)

aIncludes Ittoqqortoormiit 1999, Uummannaq 1999, Tasiilaq 2000, Sisimiut 2002–2003, Qaanaaq 2003, Nuuk 2005, Qeqertarsuaq 2006 and Narsaq 2006.

Table A3.12 Correction to AMAP (2009) data. Concentrations of metals (μg/L whole blood) in Inuit men, Greenland. Data show geometric means (range) 
for specified period of sampling. Source: Deutch et al. (2004, 2007a), Deutch pers. comm. (2007).

Sisimiut Qaanaaq Nuuk Qeqertarsuaq Narsaq All Greenlanda

2002–2003 2003 2005 2006 2006 1999–2006

Mean age (range) 31 (18–46) 34 (19–45) 44 (35–50) 35 (20–45) 39 (23–50) 35 (18–50)

Sample size n=52 n=43 n=19 n=35 n=29 n=314

Total Hg 6.5 (1.4–23) 54 (2.3–240) 16 (3.1–52) 22 (3.5–79) 10 (3.0–25) 20 (1.4–240)

Pb 39 (12–267) 42 (14–231) 52 (16–127) 23 (9.3–102) 20 (3.6–71) 43 (3.6–380)

Cd 1.2 (0–7.6) 1.4 (0–7.5) 1.4 (0.4–6.2) 0.7 (0–3.5) 0.8 (0–5.4) 1.4 (0–7.6)

Se 141 (59–1457) 468 (73–1379) 274 (95–1241) 255 (86–2258) 132 (72–397) 219 (59–2258)

aIncludes Ittoqqortoormiit 1999, Uummannaq 1999, Tasiilaq 2000, Sisimiut 2002–2003, Qaanaaq 2003, Nuuk 2005, Qeqertarsuaq 2006 and Narsaq 2006.
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Table A3.13 Blood concentrations of OCs and other POPs in pregnant 
women in their third trimester, from Reykjavik, Iceland. Data presented as 
geometric means (range). POPs are reported in μg/kg plasma.

2009

Mean age; Median age (range) 30.4; 30 (21–43)

Sample size n=33

Oxychlordane 0.021 (0.01–0.07)

trans-Nonachlor 0.041 (0.02–0.12)

p,p’-DDT 0.01 (<0.01–0.045)

p,p’-DDE 0.222 (0.06–1.1)

DDE:DDT 25.7 (11.2–62.2)

HCB 0.122 (0.06–0.21)

β-HCH 0.044 (0.02–0.13)

Toxaphene Parlar 26 <0.01 (<0.01–0.036)

Toxaphene Parlar 50 0.018 (<0.01–0.057)

PCB99 0.023 (0.01–0.078)

PCB118 0.052 (0.029–0.14)

PCB138 0.091 (0.03–0.31)

PCB153 0.208 (0.09–0.56)

PCB180 0.098 (0.04–0.41)

ΣPCB14 0.654 (0.336–1.92)

PBDE47 0.011 (<0.01–0.164)

PBDE99 <0.01 (<0.01–0.029)

PBDE100 <0.01 (<0.01–0.039)

PBDE153 <0.01 (<0.01–0.031)

Table A3.14 Concentrations of additional PCBs in pregnant women (early 
pregnancy) from northern Norway (mean parity = 0.9 (0–4)). Average 
values presented for compounds with detection frequencies ≥70%. Data 
presented as geometric means (range), in μg/kg plasma lipid. Source: 
Hansen et al. (2010).

2006–2008

Mean age (range) 30.6 (18–43)

Sample size n=515

PCB156a 2.3 (<LOD–26.3)

PCB163 3.4 (0.7–24.6)

PCB170 6.4 (1.0–59.2)

PCB183a 1.5 (<LOD–20.6)

PCB187 4.3 (0.8–29.5)

aDetection frequency 50–69%. For statistical purposes, all values below the 
limit of detection (LOD) were replaced by LOD/√2.

Table A3.15 Concentrations of additional essential elements in pregnant women (early pregnancy) from northern Norway. Data presented as geometric 
mean [standard deviation] or geometric mean (range), in μg/L whole blood except for Cu and Zn which are in mg/L whole blood. Source: AMAP (1998), 
Hansen et al. (2011).

Kirkenes Hammerfest Bergen Tromsø Northern Norwaya

1994 1994 1994 1995 2006–2008

Sample size n=40 n=57 n=50 n=15 n=282

As na na na na 1.5 (0.1–12.8)

Co na na na na 0.1 (0.02–0.6)

Mo na na na na 0.7 (0.2–2.3)

Mn na na na na 10.6 (3.8–37.8)

Cu 2.2 [±0.3] 2.1 [±0.4] 2.1 [±0.4] 2.1 [±0.3] 1.6 (1.0–2.9)

Zn 0.7 [±0.1] 0.5 [±0.1] 0.8 [±0.2] 0.5 [±0.1] 5.2 (2.7–9.8)

aMean age (range)=30.6 (18–43), mean parity (range)=0.9 (0–4).
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Table A3.16 Concentrations of contaminants in the general population of Sweden, by region arranged south to north. Data presented as arithmetic mean 
(95% confidence interval), except for the collective Sweden data which are the median (maximum). Data from the Riksmaten 2010–2011 study. Data 
adjusted for age, sex and education. PFCs in μg/L and PBDEs in ng/kg.

Lund Gothenburg 
region

Linköping Stockholm Örebro Uppsala Umeå Sweden 
(maximum)

PFHpA na na na na na na na 0.02 (0.3)a

PFNA 0.6 (0.5–0.8) 0.6 (0.5–0.7) 0.6 (0.5–0.8) 0.7 (0.6–0.8) 0.6 (0.5–0.7) 0.6 (0.5–0.7) 0.6 (0.5–0.7) 0.8 (4.6)a

PFUnDA 0.2 (0.2–0.3) 0.3 (0.2– 0.4) 0.2 (0.2–0.3) 0.3 (0.2–0.4) 0.2 (0.2–0.3) 0.2 (0.2–0.3) 0.2 (0.2–0.25) 0.3 (1.9)a

PFDoDA na na na na na na na 0.04 (0.3)a

PBDE28 na na na na na na na 50 (2360)b

PBDE66 na na na na na na na 0 (296)b

PBDE138 na na na na na na na 0 (670)b

PBDE183 na na na na na na na 66.4 (758)b

an=292; bn=170.

Table A3.17 Concentrations of contaminants in serum in the general population of Sweden, by region arranged south to north. Data presented as arithmetic 
mean (95% confidence interval), except for the collective Sweden data which are the median (maximum). Data from the Riksmaten 2010–2011 study. 
Data not lipid-adjusted, but adjusted for age, sex and education using a linear model. PCBs and OCs in ng/L, and PBDEs and HBCD in ng/kg. Source: 
Bjermo et al. (2013a,b,c).

Lund Gothenburg 
region

Linköping Stockholm Örebro Uppsala Umeå Sweden 
(maximum)

Oxychlordane 12 (10–16) 9.3 (7.1–12) 11 (8.9–15) 12 (9.1–15) 11 (8.5–14) 11 (8.5–14) 10 (7.8–13) 16.6 (135)a

trans-Nonachlor 24 (19–31) 18 (14–23) 20 (16–25) 23 (18–30) 20 (16–26) 21 (17–27) 20 (16–26) 35.5 (267)a

p,p’-DDT na na na na na na na 8.2 (152)a

p,p’-DDE 506 (353–724) 351 (238–517) 358 (249–515) 480 (329–701) 373 (256–543) 450 (312–650) 363 (252–524) 434 (15494)a

HCB 72 (61–85) 55 (46–65) 66 (56–79) 77 (65–92) 60 (50–71) 61 (51–72) 66 (56–78) 78.9 (780)a

β-HCH 30 (23–40) 16 (12–22) 23 (17–31) 26 (20–35) 19 (15–26) 18 (14–24) 20 (15–27) 26.3 (368)a

PCB118 33 (24–43) 22 (16–30) 28 (21–37) 34 (25–46) 27 (20–37) 27 (20–36) 34 (25–46) 37.3 (974)a

PCB138 184 (146–232) 118 (92–152) 140 (111–178) 151 (118–193) 140 (110–179) 143 (113–181) 159 (126–202) 189 (1452)a

PCB153 394 (320–486) 273 (218–343) 314 (254–388) 319 (255–398) 300 (241–374) 316 (255–392) 321 (259–398) 449 (2789)a

PCB180 247 (202–302) 183 (147–228) 204 (166–251) 195 (158–242) 185 (149–228) 203 (165–249) 183 (149–225) 364 (1574)a

PBDE47 na na na na na na na 493 (44600)b

PBDE99 na na na na na na na 94.2 (6070)b

PBDE100 na na na na na na na 206 (3700)b

PBDE153 1063 
(812–1393)

1135 
(850–1516)

1302 
(973–1741)

966 
(705–1324)

1036 
(784–1370)

1061 
(823–1368)

1005 
(766–1320)

1235 (6990)b

PBDE154/BB 153 179 
(131–244)

182 
(130–254)

205 
(146–286)

195 
(135–280)

142 
(103–196)

191 
(142–256)

183 
(134–250)

280 (5360)b

PBDE 209 1213 
(717–2055)

1722 
(972–3050)

1253 
(711–2209)

1111 
(601–2054)

1079 
(626–1860)

1251 
(762–2052)

1162 
(684–1974)

948 (77900)b

HBCD na na na na na na na 101 (76800)b

an=267; bn=170.
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Table A3.18 Trends in POPs concentrations in breast milk samples from Swedish first-time mothers (μg/kg lipid weight). Samples collected three weeks 
after delivery. Data presented as median concentrations. Source: Lignell et al. (2014).

Year PCB28 n PCB153 n Total-TEQa,b n HCB n p,p’-DDE n PBDE47 n PBDE153 n

1996 2.5 26 74 26 16 15 17 26 131 26 1.3 19 0.38 19

1997 1.9 68 62 68 13 38 16 68 109 68 1.8 57 0.45 57

1998 1.8 88 56 88 16 29 15 88 104 88 1.7 63 0.49 63

1999 1.7 21 59 21 12 15 14 21 100 21 1.5 19 0.54 19

2000–2001 1.9 28 56 28 12 23 14 28 75 28 1.7 28 0.62 28

2002–2003 1.4 30 43 32 11 16 8.9 30 58 30 1.3 29 0.67 29

2004 1.9 32 35 32 8.6 15 10 32 62 32 1.4 29 0.68 29

2006 1.2 30 31 30 8.2 30 7.6 30 63 30 0.99 30 0.68 30

2008 1.2 31 32 31 6.7 30 7.9 31 39 31 0.76 31 0.57 31

2009 1.1 29 27 29 na na 7.6 29 52 29 0.55 29 0.49 29

2010 0.98 30 24 30 5.2 30 na na na na 0.46 30 0.45 30

2012 na na na na na na 7.0 30 34 30 0.42 30 0.54 30

aPCDD/F TEQ+mono-ortho PCB TEQ+non-ortho PCB TEQ; bData reported in pg/g lipid weight.

Table A3.19 Trend in PFC concentrations (μg/kg pooled serum) in blood drawn three weeks after delivery from nursing Swedish first-time mothers. 
Three pools per year analyzed, with serum from 5 to 25 individuals in each pool. Data presented as geometric means. Source: Glynn et al. (2011b, 2012).

Year PFHxS PFOS PFOA PFDA

1996 2.1 24.4 2.6 0.18

1997 1.8 21.8 2.6 0.23

1998 1.8 21.4 2.4 0.21

1999 2.2 21.5 2.6 0.15

2000-2001 2.4 22.6 2.7 0.2

2002 2.7 19.5 2.6 0.22

2004 2.5 15.3 2.1 0.28

2006 4.0 12.9 1.9 0.26

2007 4.1 13.4 2.0 0.26

2008 4.3 10.2 2.1 0.27

2009 4.8 8.2 1.9 0.32

2010 6.4 6.7 1.7 0.33

Table A3.20 Trends in Pb concentration (μg/L whole blood) in men and women grouped by age (25–35 years and 50–60 years) and smoking behavior 
from Västerbotten, Sweden from 1990–2009. Data show median (range) for specified period of sampling. Source: Sundkvist et al. (2011).

1990 1994 1999 2004 2009

n n n n n

Men

25–35 All 38.1 (15.5–112) 26 23.9 (6.1–56.3) 25 17.6 (8.9–190) 25 na 11 (3.5–35.6) 68

Never smoked 38.1 (15.5–112) 16 25.1 (6.1–56.3) 20 15.7 (8.9–82.5) 17 na 10.8 (3.5–35.6) 57

50–60 All 31.1 (16.2–68.6) 25 39.8 (11.3–98.4) 15 24.1 (12.6–48.1) 25 na 13.3 (4.8–42) 82

Never smoked 30.4 (16.2–62.8) 8 16.1 (11.3–39.8) 3 20.8 (13–41.6) 7 na 11.6 (6.0–35.2) 32

Women

25–35 All 20 (10.3–48.2) 25 14.9 (7.9–37) 25 12.8 (6.7–315) 24 10.5 (4.8–70) 164 7.7 (3.3–88.2) 91

Never smoked 19.6 (10.5–36.4) 12 16.4 (9.7–37) 15 11.2 (6.7–18.1) 13 10.8 (4.8–70) 111 7.4 (3.3–25.4) 64

50–60 All 24.4 (5.5–47.9) 29 22.5 (9.0–48.8) 24 17 (4.4–49.4) 24 14.8 (6.0–60.2) 123 12.8 (5.4–61) 86

Never smoked 20.1 (5.5–47.9) 15 16.9 (12–48.8) 8 16.6 (4.4–49.4) 12 14.4 (6.0–44.6) 54 11.8 (5.9–32.5) 35
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Table A3.21 Trends in Cd concentration (μg/L whole blood) in men and women grouped by age (25–35 years and 50–60 years) and smoking behavior 
from Västerbotten, Sweden from 1990–2009. Data show median (range) for specified period of sampling. Source: Sundkvist et al. (2011).

1990 1994 1999 2004 2009

n n n n n

Men

25–35 All 0.1 (0.02–2.9) 26 0.08 (0.02–2.2) 24 0.08 (0.02–0.7) 25 na 0.1 (0.04–0.8) 68

Never smoked 0.1 (0.02–0.2) 16 0.07 (0.02–0.2) 20 0.08 (0.02–0.1) 17 na 0.1 (0.04–0.4) 57

50–60 All 0.2 (0.05–3.1) 25 0.2 (0.08–2.1) 15 0.2 (0.04–0.7) 25 na 0.2 (0.05–4.3) 82

Never smoked 0.1 (0.05–0.2) 8 0.2 (0.1–0.7) 3 0.2 (0.04–0.2) 7 na 0.1 (0.05–0.4) 32

Women

25–35 All 0.2 (0.07–3.0) 25 0.1 (0–1.7) 25 0.1 (0.06–1.6) 24 0.2 (0.07–3.0) 164 0.1 (0.05–3.4) 91

Never smoked 0.1 (0.07–0.3) 12 0.1 (0–0.3) 15 0.1 (0.06–0.2) 13 0.1 (0.07–0.4) 111 0.1 (0.05–0.4) 64

50–60 All 0.2 (0.06–2.7) 29 0.2 (0.2–1.5) 24 0.4 (0.09–1.8) 24 0.3 (0.09–2.0) 123 0.2 (0.08–2.6) 86

Never smoked 0.2 (0.1–0.4) 15 0.2 (0.2–0.3) 8 0.2 (0.09–0.6) 12 0.2 (0.09–0.7) 54 0.2 (0.08–0.5) 35

Table A3.22 Concentrations of POPs in pregnant women, non-pregnant women, men and the general population (men and non-pregnant women of all 
ages) in the Pechenga district of Murmansk Oblast, 2013–2014. Data from the Kolarctic Project (KO467). Data lipid-adjusted (μg/kg lipid weight) and 
presented as arithmetic mean (standard deviation). Source: Dudarev pers. comm. (2014).

Pregnant women Women Men General population

Mean age (range) 28.2 (16–41) 44.2 (26–65) 39.2 (27–54) 42.5 (26–65)

Sample size n=50 n=17 n=33 n=50

p,p’-DDT 30.1 (±70) 24.8 (±26.5) 53.2 (±42.3) 35.4 (±35.6)

p,p’-DDE 159 (±206) 173 (±115) 216 (±205) 188 (±151)

HCB 24.5 (±34.9) 37.4 (±19.1) 49 (±39.8) 41.2 (±27.8)

β-HCH 18.4 (±29.7) 65.9 (±38) 49.3 (±21.3) 60.9 (±34.5)

PCB118 31.1 (±22.5) 41.2 (±22.7) 55.8 (±32.6) 45.8 (±26.7)

PCB138 13.1 (±10.6) 33.5 (±19.2) 49.5 (±23.6) 38.7 (±21.8)

PCB153 15.6 (±11.2) 32.2 (±17) 54.7 (±31.4) 39.4 (±24.6)

Table A3.23 Concentrations of POPs in pregnant women, non-pregnant women, men and the general population (men and non-pregnant women of all 
ages) in the Pechenga district of Murmansk Oblast, 2013–2014. Data from the Kolarctic Project (KO467). Data wet weight (μg/L serum) and presented 
as geometric means [arithmetic means] and (range). Source: Dudarev pers. comm. (2014).

Pregnant women Women Men General population

Mean age (range) 28.2 (16–41) 44.2 (26–65) 39.2 (27–54) 42.5 (26–65)

Sample size n=50 n=17 n=33 n=50

p,p’-DDT 0.09 [0.24] (0.01–3.11) 0.14 [0.17] (0.07–0.57) 0.19 [0.27] (0.06–0.7) 0.16 [0.2] (0.06–0.7)

p,p’-DDE 0.82 [1.28] (0.14–8.56) 1.03 [1.36] (0.34–4.66) 0.85 [1.05] (0.27–3.36) 0.97 [1.25] (0.27–4.66)

HCB 0.15 [0.2] (0.04–2.22) 0.24 [0.27] (0.09–0.55) 0.21 [0.24] (0.06–0.74) 0.23 [0.26] (0.06–0.74)

β-HCH 0.07 [0.15] (0.01–1.31) 0.41 [0.48] (0.14–1.2) 0.24 [0.25] (0.14–0.54) 0.34 [0.41] (0.14–1.2)

PCB118 0.21 [0.25] (0.08–0.99) 0.26 [0.29] (0.13–0.64) 0.24 [0.27] (0.07–0.66) 0.26 [0.28] (0.07–0.66)

PCB138 0.07 [0.11] (0.01–0.46) 0.21 [0.25] (0.05–0.6) 0.23 [0.27] (0.08–0.72) 0.22 [0.26] (0.05–0.72)

PCB153 0.1 [0.13] (0.01–0.4) 0.2 [0.24] (0.06–0.54) 0.25 [0.28] (0.14–0.64) 0.22 [0.25] (0.06–0.64)
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4.1 Introduction

The Human Health Assessment Group has over the past 
decade recommended that effect studies be conducted in 
the circumpolar area. Such studies examine the association 
between contaminant exposure in the Arctic populations 
and health effects. Because fetuses and young children are 
the most vulnerable, effect studies are often prospective 
child cohort studies. Chapter 2 provides an overview of the 
ongoing cohort and dietary studies in the Arctic and detailed 
exposure information is available in Ch. 3. The emphasis in 
this chapter is on a description of the effects associated with 
contaminant exposure in the Arctic. The main topics addressed 
are neurobehavioral (Sect. 4.2), immunological (Sect. 4.3), 
reproductive (Sect. 4.4), cardiovascular (Sect. 4.5), endocrine 
(Sect. 4.6) and carcinogenic effects (Sect. 4.7). For each topic, 
the association between exposure and effects is described and 
some results are reported for similar studies outside the Arctic. 

4.2 Neurobehavioral effects

4.2.1 Mercury

One of the cohort studies established to determine the exposure 
levels and potential health effects of contaminants in an Arctic 
population group is Birth Cohort 1 in the Faroe Islands (see 
Chap. 2, Sect. 2.2.17). This cohort was established in 1986 and 
1987 to investigate the effects of fetal exposure to mercury (Hg) 
owing to the frequent consumption of whale meat at that time by 
pregnant women. Follow-ups of the children in this cohort have 
indicated the serious and permanent neurobehavioral effects 
of fetal exposure to Hg even at low levels. As these findings are 
among the most important of the present assessment, a detailed 
summary of these results is given here.

In the first follow-up of the children in this cohort, at age 7 
years, clinical examination and neurophysiological testing did 
not reveal any clear-cut Hg-related abnormalities. However, 
Hg-related neuropsychological dysfunctions were observed 
in language, attention, and memory, and to a lesser extent in 
visuospatial and motor functions. These associations remained 
after adjusting for covariates and after excluding children 
whose mothers had hair Hg concentrations over 10 µg/g 
(50 nmol/g). Effects on brain function associated with prenatal 
methylmercury (MeHg) exposure therefore appear widespread, 
and early dysfunction is detectable at exposure levels currently 
considered safe (Grandjean et al. 1997). 

At age 14 years, 878 cohort members underwent detailed 
neurobehavioral examination (Debes et al. 2006). The 
neuropsychological test battery was designed based on the 
same criteria as applied at the examination at age 7 years 
(Grandjean et al. 1997, 2012d). Indicators of prenatal MeHg 
exposure were significantly associated with deficits in finger 
tapping speed, reaction time on a continued performance 
task, and cued naming. Postnatal MeHg exposure had no 
discernible effect. These findings are similar to those obtained 
at age 7 years, and the relative contribution of Hg exposure to 
the predictive power of the multiple regression models was 
also similar. An analysis of the test score difference between 
results at 7 and 14 years suggested that Hg-associated deficits 
had not changed between the two examinations. In structural 
equation model analyses, the neuropsychological tests were 
separated into five groups; MeHg exposure was significantly 
associated with deficits in motor, attention, and verbal tests. 
These findings are supported by independent assessment of 
neurophysiological outcomes. The effects on brain function 
associated with prenatal MeHg exposure therefore appear to 
be multi-focal and permanent.

As an objective measure of neurobehavioral toxicity in 14-year-
olds, auditory evoked potential latencies (EVP; Murata et al. 
2004) were recorded and compared with their cord blood 
Hg concentration at birth. Auditory evoked potentials are 
small electrical voltage potentials recorded in response to an 
auditory stimulus from electrodes placed on the scalp. They 
reflect neuronal activity seen as peaks in the recording from 
the electrodes. The response latency from auditory stimulus 
to the peaks is only a few milliseconds. Latencies of peaks 
III and V increased by about 0.012 ms when the cord blood 
Hg concentration doubled. As seen at age 7 years, this effect 
appeared mainly within the I-III interpeak interval. Despite 
lower postnatal exposures, hair Hg level at age 14 years was 
associated with prolonged III-V interpeak latencies. All 
benchmark dose results were similar to those obtained for 
dose-response relationships at age 7 years. Thus, the persistence 
of prolonged I-III interpeak intervals indicates that some 
neurotoxic effects from prenatal MeHg exposure are irreversible. 
A change in vulnerability to MeHg toxicity is suggested by the 
apparent sensitivity of the peak III-V component to recent 
MeHg exposure (Murata et al. 2004).

Methylmercury exposure was associated with decreased 
sympathetic and parasympathetic modulation of the heart rate 
variability. Parallel MeHg-related delays of brainstem auditory 
evoked potential (BAEP) latencies may be caused by underlying 
MeHg neurotoxicity to brainstem nuclei (Grandjean et al. 2004).
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At age 22 years, 830 of the young adults were re-examined 
and administered an extended neuropsychological test battery, 
covering eight broad ability domains. Effects of MeHg exposure 
on single neuropsychological outcomes were tested in multiple 
regression analyses after correction for the same obligatory 
covariate model as applied in the 14-year-old study. Of the 
single test variables, six were adversely affected by MeHg to a 
statistically significant degree after correction for the covariate 
model: Boston Naming Test, without cues; Boston Naming Test, 
with cues; Synonyms, WJ III; Antonyms, WJ III; Block Design 
WAIS-R, Last 3 items (Grandjean pers. comm. 2014); California 
Verbal Learning Test, Trial 1, Correct (Debes et al. 2016).

The vast majority of the variables were affected in a negative 
direction, and for each broad ability domain the balance was 
also in a negative direction, possibly reflecting a weak negative 
effect in the dataset.

In accordance with traditions in psychometrics for a brief 
estimation of general mental ability, a structural equation model 
(SEM) was specified defining a higher-order measurement model 
with a superordinate latent variable for general intelligence 
affecting two subordinate latent variables, fluid intelligence and 
crystallized intelligence with seven manifest indicator variables 
in total. All manifest indicator variables were corrected for a 
preselected set of 11 covariates. Second, a measurement model 
was defined for a latent MeHg exposure variable with two 
logarithmically transformed manifest indicator variables and 
one logarithmically transformed manifest formative variable. 
Finally, a structural model was defined with the latent exposure 
variable affecting the latent variable for general intelligence 
(Debes et al. 2016). The fit of the model was acceptable to good 
as judged from three goodness-of-fit indexes. The standardized 
effect of the latent exposure variable on the latent variable for 
general intelligence was -0.145 and was significant (p=0.002). 
Transformed to the standard IQ-scale, with mean 100 and 
standard deviation 15, this signifies a loss of 2.2 IQ-points for 
a ten-fold increase in MeHg exposure.

An extended higher-order measurement model was subsequently 
specified with a broad definition of general intelligence 
specified to affect seven subordinate ability domains (Verbal 
comprehension, Visual-Spatial Processing, Short-Term Memory, 
Long-Term Storage and Retrieval, Cognitive Processing Speed, 
Timed Reaction and Decision Speed, Psychomotor Speed and 
Dexterity), with between two and seven manifest indicator 
variables each. The extended model also fitted the data well. The 
standardized effect of the latent exposure variable on the latent 
variable for general intelligence was -0.093 and was significant 
(p=0.041). Thus, the negative effect of prenatal exposure to 
MeHg on general intelligence was still statistically significant 
when broadly measured in young adulthood at age 22 years. 
Transformed to the standard IQ-scale, this signifies a loss of 1.4 
IQ-points for a ten-fold increase in MeHg exposure. In models 
for the individual domains, all showed negative associations, with 
crystallized intelligence being highly significant.

These results demonstrate that the negative effect of MeHg 
is not limited to narrow, specific or circumscribed so-called 
differential abilities. It constitutes a significant adverse impact 
on general mental ability, the variance of which enters into all 
specific abilities to an often considerable degree. General mental 
ability is recognized as the strongest single most predictor in 

the social sciences for success in education and occupation, as 
well as in many other areas of life. The generality of the effect 
probably decreases the possibilities for neural or behavioral 
compensation as late as age 22 years, and thereby signifies a 
lasting impairment of the intellect with a probable adverse 
impact on the future life outcomes of the most highly exposed 
individuals. The results add to understanding of the extent and 
severity of prenatal exposure to MeHg.

Recent analyses (Debes, F., Ludvig, A., Budtz-Jørgensen, E., 
Weihe, P., Bellinger, D.C. Grandjean, P., pers. corresp. 2015) 
have demonstrated a significant indirect effect of latent prenatal 
MeHg on latent educational attainment in standardized 
examinations at the end of compulsory education at age 
16 years when mediated by a latent factor for general cognitive 
ability at age 7 years and 14 years. This demonstrates that insofar 
as educational attainment is dependent on general cognitive 
ability, and insofar as general cognitive ability is negatively 
affected by MeHg, there is a highly significant mediated negative 
effect of MeHg on educational attainment. No direct effect 
or total effect was found. The same pattern is observed at the 
level of the individual school subjects, except for a significant 
independent negative effect of MeHg in mother’s hair at 
delivery on her child’s Danish spelling, a significant negative 
total (indirect + direct) effect of latent MeHg also on Danish 
spelling, and a significant positive direct effect on mathematical 
problem solving (the last two results are from models with 
a latent verbal factor at age 7 years as a mediating variable). 
The same pattern, with highly significant negative indirect 
effects, was seen for the subjects’ educational status reached 
at age 22 years (if graduated from high school or had started 
advanced studies). In the mixed composition of determinants of 
educational attainment (Kraphol et al. 2014, Rimfeld et al. 2015), 
some are significantly negatively affected by MeHg (cognitive 
factors), while others may be less so (factors of personality 
and mental health), thereby attenuating the total effect of 
MeHg on educational attainment and status. Thus, whereas 
significant negative effects from prenatal exposure to MeHg 
have previously been found on several neuropsychological 
test results from various functional domains in the same birth 
cohort at age 7 years, 14 years and 22 years, no independent 
or direct effects were found on latent variables for educational 
attainment at age 16 years or educational status at age 22 years  
Still, recent analyses have demonstrated significant indirect 
negative effects of MeHg on educational attainment at both the 
latent and the manifest level at age 16 years and on educational 
status at age 22 years when mediated by latent variables of verbal 
or general cognitive ability at age 7 and age 14 years.

In another study, the Nunavik Child Development Study (NCDS; 
see also Chap. 2, Sect. 2.2.9), a prospective mother-child cohort 
study taking place in Nunavik (Arctic Quebec), results obtained 
through both neurobehavioral and electrophysiological testing 
with children aged 11 years suggested that prenatal Hg exposure 
is associated with poorer perceptual processing, attentional 
mechanisms, memory and intellectual function (Boucher et al. 
2009, 2010, 2011, 2012a; Jacobson et al. 2015). 

In the NCDS, behavioral assessments of 11-year old children 
were obtained from two questionnaires completed by the 
child’s classroom teacher, which provided scores of attention 
and internalizing and externalizing problems, and four clinical 
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diagnoses. Cord blood Hg concentrations were significantly 
related to attention problems, with consistent results obtained with 
the two teacher-completed tests. Detailed results are presented by 
Boucher et al. (2012b). The NCDS was the first to demonstrate that 
prenatal Hg exposure constitutes a risk factor for attention deficit 
hyperactivity disorder (ADHD) symptomatology at school age. 
The increased incidence of teacher-reported ADHD symptoms 
indicates that the adverse effects on attention previously linked 
to prenatal Hg exposure in neuropsychological assessments in 
Nunavik and in the Faroe Islands (e.g. Grandjean et al. 1997; 
Debes et al. 2006; Julvez et al. 2010) are clinically significant and 
likely to interfere with learning and performance in the classroom. 
Likewise, cross-sectional evidence links MeHg exposure to autism 
spectrum disorder (Geier et al. 2012). However, the evidence 
available is limited and so conclusions regarding autism or ADHD 
must be drawn with caution. 

The visual system can also be affected by exposure to Hg, and this 
has been shown in the adult exposed population in the Amazon. 
In AMAP countries, this has been studied in the NCDS and the 
Faroese birth cohorts. None of the environmental contaminants 
considered in the NCDS were associated with negative effects 
on visual acuity, color perception and contrast sensitivity. 
Electrophysiological testing was used to measure the integrity 
of the visual system, and to document subtle Hg effects. Detailed 
protocols and results were presented by Ethier et al. (2012) and 
Jacques et al. (2011). A significant association between cord 
blood Hg and event-related potential (ERP) amplitude at the 
highest contrast level suggests that a deficit may predominantly 
involve the parvocellular system, which is specialized in high-
contrast vision, visual acuity and color vision. In support of this 
hypothesis, deficits in acuity and color vision have been reported 
in association with prenatal Hg exposure in other studies 
(Cavalleri et al. 1995; Ventura et al. 2004; Fillion et al. 2011). 
However, in a visual evoked potential (VEP) study involving 
school-age children from Greenland, no neurotoxic effect was 
seen on visual processing in relation to prenatal Hg exposure 
(Weihe et al. 2002). The lack of significant results in Greenlandic 
children may be due to differences in testing protocols. Similarly, 
VEP alterations were not observed in 7-year-old Faroese children 

(Grandjean et al. 1997; Murata et al. 1999) but VEPs were elicited 
using only checkerboard stimuli presented exclusively at high 
levels of visual contrast. By manipulating visual contrast levels, 
the NCDS protocol was designed to optimally detect subtle 
effects. Changes in VEP latency in association with cord Hg 
concentrations were previously reported in preschoolers from 
Nunavik (Saint-Amour et al. 2006). NCDS results at age 11 years 
show that this negative effect on latency persists at school age. 

Overall, the Hg effects seen in the NCDS (Table 4.1) corroborate 
those reported in the Faroe Islands and New Zealand. 
Furthermore, results from the highest exposed Faroese and 
Nunavik cohorts are also observed in studies conducted 
in lower Hg exposed populations. For example, the Project 
Viva study in Boston, where fish consumption is higher than 
average for the United States, showed a mean maternal hair Hg 
concentration of 0.55 µg/g (Oken et al. 2005). Although these 
levels are lower than in the Faroe Islands and Nunavik, maternal 
hair Hg was associated with a reduction in children’s cognition 
at six months of age and again at age 3 years. Comparable 
results were obtained in New York City at similar exposure 
levels (Lederman et al. 2008).

The evidence available thus suggests that cognitive impairment 
occurs at MeHg exposure levels prevalent in general 
populations elsewhere, and so constitutes a matter of public 
health concern. Since 2000, prevention efforts have relied on 
the recommendations of the US National Research Council 
to maintain MeHg exposure below a Reference Dose (RfD) of 
0.1 μg/kg body weight per day (National Academy of Sciences 
2000). However, prudent advice is to minimize exposure to the 
extent possible, because a threshold for adverse effects on brain 
development may not exist (Grandjean et al. 2012c). 

Some of the adverse effects of MeHg on neurodevelopment may 
be masked by beneficial effects of seafood nutrients (Budtz-
Jorgensen et al. 2007). On the other hand, the benefits from 
seafood nutrients may be offset by the Hg toxicity. Thus, full 
benefit from fish and seafood diets requires that MeHg exposure 
is minimized. This was already demonstrated by the studies in 
Boston and New York City above. Both showed that benefits 

Table 4.1 Summary of findings from the 11-year follow-up (2005–2010) in the Nunavik Child Development Study (NCDS).

Mercury (Hg) Lead (Pb) Polychlorinated biphenyls (PCBs)

Prenatal exposure

Poorer early processing of visual information

Alteration of attentional mechanisms 
modulating processing of sensory information

Lower estimated IQ

Poorer comprehension and perceptual 
reasoning

Poorer immediate memory and recollection of 
information stored into memory

Increased risk of attention problems and 
ADHD behavior

Smaller height

Poorer early processing of visual 
information

Lower estimated IQ

Poorer working memory

Poorer information processing when 
the information is being consciously 
evaluated

Childhood exposure

Decreased heart rate variability Increased risk of ADHD 
behavior, especially the 
hyperactive-impulsive type

Deficit in response inhibition

Reduced physical growth (height, weight, 
head circumference, BMI)

Non-optimal cognitive processes 
associated with error monitoring, which 
result in reduced efficiency during 
cognitive tasks

Poorer immediate memory
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from the mother’s seafood diet to the child’s brain development 
were less when Hg exposure was higher, that is, due to the 
seafood being contaminated with MeHg. Data from the NCDS 
showed that the prenatal Hg effect on intellectual function 
became stronger when cord docosahexaenoic acid (DHA) was 
also considered, indicating that the beneficial effect of prenatal 
DHA statistically suppresses the adverse effects of prenatal 
Hg exposure (Jacobson et al. 2015). Data from the Seychelles 
show that cognitive development in children is associated 
with neither maternal fish intake nor MeHg exposure, when 
examined one at a time. Only if maternal fish intake and Hg are 
accounted for simultaneously is fish intake clearly beneficial, 
while Hg has negative effects (Strain et al. 2008). Thus, in the 
Seychelles population, the positive and negative effects appeared 
to offset one another.

Given the continued development of the nervous system after 
birth, postnatal exposure to MeHg is also likely to cause adverse 
effects. However, the evidence is inconsistent, although this 
may be due to difficulties in characterizing the trajectory of 
postnatal exposure. Neurophysiological assessment of brain 
function supports the notion that postnatal exposure up to 
the teenage years can cause harm (Murata et al. 2004). Thus, 
both pregnant women and children should be considered 
populations at increased risk (Grandjean 2013). 

Effects associated with MeHg exposure have been documented 
in humans at successively lower exposures. This tendency 
reflects the use of better study design, larger groups of subjects 
examined, more sensitive methodology and better control of 
confounding factors that may influence study outcome. From 
the evidence available, it is clear that the developing brain is 
the most vulnerable organ system. Given the complexity of 
brain development and the difficulties in determining detailed 
functions, especially in small children, it is likely that future 
studies will continue to identify effects at lower exposures than 
those considered safe today.

4.2.2 Lead

Few studies have examined the effects of mixed metal exposures 
in humans. In a Faroese birth cohort the effect of prenatal lead 
(Pb) exposure in the presence of similar molar-level exposure 
to MeHg was evaluated. A cohort of 1022 singleton births was 
assembled during 1986–1987 and Pb was measured in cord 
blood. A total of 896 cohort subjects participated in a clinical 
examination at age 7 years and 808 subjects in a follow up at age 
14 years. The association between cord-blood Pb concentration 
and cognitive deficits (attention/working memory, language, 
visuospatial, memory) was evaluated using multiple regression 
models. Overall, the Pb concentration showed no clear pattern 
of association. However, in subjects with a low MeHg exposure, 
after including statistical interaction terms, Pb-associated 
adverse effects on cognitive function were observed. In 
particular, higher cord-blood Pb was associated with a lower 
digit span forward score on the Wechsler Intelligence Scale 
for Children-Revised (WISC-R) (β = -1.70, 95% confidence 
interval (CI): -3.12 to -0.28) at age 7 years and a lower digit 
span backward score on the WISC-R (β = -2.73, 95% CI: -4.32 
to -1.14) at age 14 years. Some interaction terms between Pb 
and MeHg suggested that the combined effect of the exposures 
was less than additive (Yorifuji et al. 2011).

Classic IQ tests involving neurobehavioral testing can be 
complemented by cognitive electrophysiological assessments 
using event-related potentials (ERPs) to identify subclinical 
alterations and improve understanding of the impairment of 
cognitive processes by neurotoxicants. ERP protocols involved 
the presentation of standard visual or auditory stimuli and the 
recording of EEG waveforms obtained a few milliseconds after 
stimulus presentation. In the NCDS, results obtained with 5- 
and 11-year old children through both neurobehavioral and 
ERP testing suggested that prenatal Pb is related to poorer 
cognitive development and intellectual function (Boucher 
et al. 2009; Jacobson et al., 2015). Furthermore, 11-year old 
blood Pb concentrations were associated with externalizing 
problems, with consistent results obtained with two teacher-
completed tests (Boucher et al. 2012b). NCDS results relating 
to postnatal Pb exposure and child behavior replicate those of 
several previous studies (reviewed by Eubig et al. 2010) although 
the main source of Pb exposure in Nunavik, lead shot, is unique 
in the Pb exposure literature.

4.2.3 Persistent organic pollutants

Grandjean et al. (2012d) analyzed banked cord blood from 
a Faroese birth cohort to determine the possible neurotoxic 
impact of prenatal exposure to polychlorinated biphenyls 
(PCBs). The subjects were born in 1986–1987, and 917 
cohort members completed a series of neuropsychological 
tests at age 7 years. Major PCB congeners (PCB118, PCB138, 
PCB153, PCB180), the calculated total PCB concentration, 
and the PCB exposure estimated in a structural equation 
model showed weak associations with test deficits, with 
statistically significant negative associations only with the 
Boston Naming test. Likewise, neither hexachlorobenzene 
(HCB) nor p,p’-dichlorodiphenyldichloroethylene (p,p’-DDE) 
showed clear links with neurobehavioral deficits. Thus, these 
associations were much weaker than those associated with cord-
blood Hg concentration, and adjustment for Hg substantially 
attenuated the regression coefficients for PCB exposure. 
When the outcomes were subdivided according to motor- and 
verbally-mediated functions in a structural equation model, 
the PCB effects remained weak and virtually disappeared after 
adjusting for MeHg exposure, while Hg remained statistically 
significant. Thus, in the presence of elevated MeHg exposure, 
PCB neurotoxicity may be difficult to detect, and PCB exposure 
does not explain the MeHg neurotoxicity previously reported 
in this cohort (Grandjean et al. 2012d).

Through electrophysiological testing and traditional 
neurobehavioral testing, results from the NCDS support the 
hypothesis of negative effects of prenatal PCB exposure on 
child cognitive development: prenatal PCB exposure affected 
processing of information when the information is being 
consciously evaluated. This effect was seen only in participants 
that had been breastfed for a short period. In addition, 
postnatal PCB exposure affects processes associated with 
error monitoring, an aspect of behavioral regulation required 
to adapt to the changing demands of the environment, thus 
resulting in reduced task efficiency (Boucher et al. 2011, 2012a). 
However, the NCDS failed to confirm the adverse effects of 
prenatal PCB exposure on IQ reported in Michigan (Jacobson 
and Jacobson 1996) and Oswego NY (Stewart et al. 2008) but 
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comparison of the congener profile in Nunavik with that in the 
Michigan cohort suggests that the PCB mixture to which the 
children were exposed was likely to be less neurotoxic than in 
the Michigan study. 

4.3 Immunological effects

Certain environmental pollutants can adversely affect the 
development of the immune system (Dewailly et al. 1993; 
Weisglas-Kuperus et al. 1995, 2000; Chao et al. 1997; Dewailly et 
al. 2000; Vine et al. 2001; ten Tusscher et al. 2003; Jusko et al. 2010).

The high incidence of infectious diseases – particularly 
meningitis, bronchopulmonary infections, and middle 
ear infections – in young children from Nunavik has 
been known for many years (Dufour 1988). In view of the 
immunotoxic properties displayed by some organochlorines 
(OCs), in particular following perinatal exposure, it has been 
hypothesized that part of the high infection incidence among 
Inuit infants could be related to the relatively high maternal 
body burden of these contaminants, and their partial transfer 
to newborns during breastfeeding. To test this hypothesis, 
three epidemiological studies have been conducted during the 
past 20 years in Arctic Quebec to investigate the relationship 
between pre- or postnatal OC exposure, immune status, and the 
occurrence of infectious diseases among Inuit infants. Results in 
three different groups of Inuit children indicated that prenatal 
exposure to OCs increases susceptibility to infectious diseases, 
and in particular to otitis media (Dewailly et al. 2000; Dallaire 
et al. 2004, 2006). Although potential confounding factors were 
considered in the statistical analyses, residual confounding 
is still a possibility. Hence, to verify the plausibility of this 
association, a toxicological study was performed using the pig 
model and a relevant OC mixture. Several aspects of immune-
system function were observed to alter following developmental 
exposure to the complex OC mixture (Bilrha et al. 2004). The 
decrease in the secondary vaccinal response noted in the 
high-dose group indicates that the OC mixture affected the 
production of antibodies by B cells and the memory response. 
This result increases the biological plausibility of associations 
noted in epidemiological studies between OC exposure during 
the developmental period and decreased humoral immunity. 

Most experimental evidence (Holladay and Smialowicz 2000), 
although not all (Lyche et al. 2004), points to PCB-associated 
immunotoxicity being due to effects caused by dioxin-like 
PCB congeners. The perfluorinated compounds (PFCs) also 
constitute an immunotoxic hazard. The immune system in 
mice has been shown to be highly sensitive to perfluorooctane 
sulfonate (PFOS), with adverse effects on humoral immunity 
detected at blood concentrations similar to those occurring 
in humans (Fair et al. 2011). Effects on the immune system by 
PFOS are supported by several (Keil et al. 2008; Peden-Adams 
et al. 2008; Fair et al. 2011) although not all (Qazi et al. 2010) 
experimental studies on rodents, in which adverse effects of 
PFOS on humoral immune function were observed at serum 
concentrations similar to those reported in the Faroese study 
and at levels prevalent in the United States (Kato et al. 2009).

The Faroese studies are the first to provide epidemiological data 
on human immunotoxicity – as reflected by a reduction in serum 

antibody production after routine childhood immunizations – in 
relation to developmental exposures to environmental chemicals 
(Heilmann et al. 2006, 2010; Grandjean et al. 2012a). The studies 
showed that developmental and perinatal exposure to PCBs and 
PFCs from marine food and other sources may inhibit immune 
function, as indicated by deficient serum concentrations of 
antibodies against childhood vaccines. Results from the Faroe 
Islands show that the risk of having an antibody concentration 
below 0.1 IU/mL at age 7 years increased at higher levels of 
exposure to PCBs and PFCs. The results suggest that PFCs have 
an even stronger negative effect than PCBs on serum-antibody 
concentrations (Heilmann et al. 2006, 2010; Grandjean et al. 
2012a). For PCBs, a doubling of the serum concentration at age 
18 months was associated with a decline of 20% in the antibody 
level at age 7 years. After the completion of breastfeeding and 
associated transfer of PCBs, the child at age 18 months has an 
average serum-PCB concentration similar to that of the mother 
(Heilmann et al. 2010), after which the concentration declines as 
the body lipid compartment continues to expand. For PFCs, the 
recent accumulation was found to be the most important predictor 
of immunotoxicity: A doubling in serum-PFC concentration 
measured at age 5 years was linked to a decrease of up to 50% in 
the antibody concentration at age 7 years (p<0.001). Due to the 
long half-life of PFCs (Olsen et al. 2007), serum concentrations 
at early school age are expected to be relatively stable.

In conclusion, elevated exposure to PCBs and PFCs in Faroese 
children was associated with reduced humoral immune response 
to routine childhood immunizations (Heilmann et al. 2006, 2010; 
Grandjean et al. 2012a). The findings suggest a decreased effect 
of childhood vaccines and may reflect a more general immune 
system deficit. The clinical implications of insufficient antibody 
production emphasize the need to prevent immunotoxicant 
exposure and assessment of risk related to exposure to these 
contaminants. The Faroese study appears to be the first to 
epidemiologically link PCB and PFC exposure in children to 
deficits in immune system function. Follow-up studies of Cohort 1 
and Cohort 5 are currently ongoing in the Faroe Islands with the 
aim to reexamine the effect of pollutants on the immune system 
on pre-school children and extend this research to adulthood. 
Studies in other populations and with other exposure levels than 
those in the Faroe Islands are needed to confirm the PCB and 
PFC effect on humoral immune responses. 

4.4 Reproductive effects 

In 1992, Carlsen and co-workers published a combined analysis 
of results from 61 papers published between 1939 and 1991 and 
showed a significant decline in sperm count over the 50-year 
period. A detailed reanalysis of the results found that their 
conclusion was supported by the underlying studies (Swan et al. 
1997, 2000). Following the 1992 publication, many researchers 
retrospectively analyzed their historical data for temporal 
trends, some finding a decline and others not.

The causes of decreased semen quality are not clear, but it is 
feasible that many cases may have been caused by exposure 
to environmental factors in utero, during adolescence or 
in adulthood (Joensen et al. 2008); probably also acting 
against a backdrop of different genetic susceptibility to 
environmental exposure.
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The median sperm concentration of fertile men in a semen 
quality study conducted in Greenland in 2004 was 53 million/mL, 
with a median sperm cell volume of 3.2 mL, a total sperm count 
of 186 million and a median motility of 60% (Toft et al. 2004). 
No regional difference was found in sperm count, but sperm cell 
motility differed among regions. In a following study, Toft et al. 
(2006) found that sperm concentration was not impaired by 
increasing serum PCB153 or p,p’-DDE levels in Greenlanders. 
Also, that there was no association between the proportion of 
morphologically normal sperm and either PCB153 or p,p’-DDE 
concentration in blood. However, sperm motility was inversely 
related to PCB153 concentration in this population.

Results concerning male reproductive toxicity in the CLEAR 
study (see Chap. 2) indicated that exposure to PFOS was 
associated with more abnormal sperm morphology (Toft et al. 
2012) but that PFCs were not consistently associated with other 
markers of male reproductive function, including reproductive 
hormones and markers of sperm DNA damage (Specht et al. 
2012). There was no observed change in male reproductive 
function at higher levels of PBDEs and Hg exposure 
(Mocevic et al. 2013; Toft et al. 2014). However, menstrual 
cycle characteristics were adversely affected at higher levels of 
exposure to PFCs as indicated by longer menstrual cycles in 
women in the highest tertile of PFOS exposure compared to 
the lowest (Lyngso et al. 2014). 

In a recent study on testicular function in the Faroe Islands, 
Halling et al. (2013) found sperm concentrations for Faroese 
men to be lower than for Danish men (crude median 40 vs 
48 million/mL, p<0.0005). However, because semen volume 
was higher in the Faroese men, the total sperm counts did not 
differ (159 vs 151 million, p=0.2). Similarly, there was no overall 
difference between the two populations in terms of sperm 
motility or morphology. Recent data have shown sperm count 
to be low in young men from several European countries, but 
slightly higher than among the Danes (Jorgensen et al. 2002; 
Punab et al. 2002; Richthoff et al. 2002). This indicates that 
semen quality for both Danish and Faroese men seems to be 
low compared to men from other European countries.

The inhibin B: follicle-stimulating hormone (FSH) ratios for the 
Faroese men were lower than for the Danes (64 vs 76, p=0.001). 
Similarly, a lower total testosterone:luteinizing hormone 
ratio (T:LH; 4.6 vs 6.0, p<0.0005) and a lower calculated free-
testosterone:luteinizing hormone ratio (FT:LH; 94 vs 134, 
p<0.0005) were detected for the Faroese men (Halling et al. 2013). 
The low inhibin B:FSH ratio for the Faroese men corroborates the 
finding of low sperm count, and provides independent evidence 
of poorer testicular function in the Faroese men than in the 
Danes, although the medians were at a level where the association 
between sperm count and inhibin B is weakened (Jorgensen et al. 
2010). The lower T:LH and FT:LH ratios indicate a lower Leydig 
cell capacity among Faroese men compared to Danes. Thus, the 
level of total testicular function among Faroese men may be the 
same or lower than for the Danes.

The reason for low testicular function in the Faroese young 
men is unclear, but could be due to high exposure to persistent 
organic pollutants (POPs). Studies have shown associations 
between high PCB levels and low semen quality, and since PCBs 
and p,p’-DDE have the potential to interfere with sex hormone 
function (Bonefeld-Jørgensen 2010; Bonefeld-Jørgensen et al. 

2014), it could be assumed that these compounds can affect 
the function of the hormone producing organs (Elzanaty et al. 
2006). Some reports on the effect of POPs on male reproduction 
in humans indicate weak negative effects on sperm motility 
(Hauser et al. 2002; Richthoff et al. 2003; Elzanaty et al. 2006). 
Among the Faroese men the present study found the percentage 
of motile cells to be significantly lower compared to Danish 
men, indicating that increased exposure to endocrine disruptors 
may be one explanation for the difference.

Serum steroid hormone-binding globulin (SHBG) levels for 
the Faroese men were much higher than for the Danes. One 
explanation could be the high PCB levels among the Faroese. 
Grandjean et al. (2012b) reported that SHBG increased at 
higher PCB exposure, both prenatally and postnatally. Because 
PCBs are known to affect a number of liver functions it may be 
that PCB-induced hepatic SHBG synthesis could play a role, 
although this remains to be confirmed (Grandjean et al. 2012b). 

Studies of the association between previous exposure to 
PCB153 and p,p’-DDE and fetal loss showed the risk of 
ever experiencing a fetal loss to increase at higher levels of 
PCB153 and p,p’-DDE exposure (Toft et al. 2010). Lower 
birth weight and shorter gestational age also appear to be 
associated with higher POPs exposure (Wojtyniak et al. 2010). 
A large European meta-analysis of birth weight in relation to 
PCB and DDE exposure confirmed the negative association 
between PCB exposure and birth weight (Govarts et al. 2012), 
although it has been questioned as to whether the results could 
have been biased by maternal weight gain during pregnancy 
(Verner et al. 2013). 

Contaminant effects have also been observed on fetal 
growth and growth during childhood. In the NCDS, weight, 
height and head circumference were measured at birth and 
during childhood. Path analyses were conducted to model 
the longitudinal relations between exposure variables and 
growth outcomes in newborns and children. Detailed results 
were presented by Dallaire et al. (2013). Prenatal exposure 
to PCB153 and Pb was not associated with fetal growth. 
However, prenatal exposure to Pb, but not childhood Pb 
exposure, was related to shorter height in childhood. Plasma 
PCB levels in 11-year olds were moderately related to smaller 
height, weight (controlled for height), head circumference 
and BMI at school-age. In the sample of children followed 
at 11 year of age, in utero exposure to PCB153 was not 
related to fetal growth but in another sample from the 
same population (n=248 pregnant women) cord PCB153 
and Hg concentrations were related to shorter duration of 
pregnancy, a recognized determinant of fetal growth (Dallaire 
et al. 2013), and their associations with reduced fetal growth 
were mediated through their relation with a shorter gestation 
duration. PCBs are present in the environment as complex 
mixtures of different congeners, and the relative proportions 
of the congeners that comprise these mixtures can differ 
markedly between various geographic regions. Failure to 
detect direct effects on fetal growth, as observed in studies in 
Europe and elsewhere, suggests that the congeners forming 
the PCB mixture found in the Arctic might be less toxic. 
The NCDS results support findings from two other studies 
on children moderately exposed to PCBs, indicating that 
chronic exposure to PCBs during childhood can adversely 
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affect skeletal growth and body weight (Karmaus et al. 2002; 
Burns et al. 2011). Consistent with results from the NCDS, 
cord blood Pb concentrations are not related to fetal growth 
in most studies (Greene and Ernhart 1991; Gonzalez-Cossio 
et al. 1997; Hernandez-Avila et al. 2002; Gundacker et al. 
2010), with one exception (Osman et al. 2000). The NCDS is 
the first study providing empirical evidence that prenatal Pb 
exposure is related to poorer growth in school-age children. 

4.5 Cardiovascular effects 

4.5.1 Mercury

Possible cardiovascular effects of Hg have recently emerged in 
the scientific literature (Roman et al. 2011). A growing body 
of evidence suggests that MeHg exposure can increase risk of 
adverse cardiovascular impacts in exposed populations. The 
link between MeHg and acute myocardial infarction or sudden 
cardiac death is still debated in low Hg exposed populations 
(Mozaffarian et al. 2011; Virtanen et al. 2012). 

Contradictory results have been reported on Hg exposure and 
the risk of hypertension (Mozaffarian et al. 2012). In Nunavik 
adults, a retrospective analysis of the 1992 survey reported no 
association between Hg and high blood pressure (Valera et al. 
2013b). Based on the 2004 data, however, Hg was associated 
with increased blood pressure and pulse pressure (Valera et al. 
2008, 2009). In the Faroe Islands, high blood pressure was found 
to be associated with Hg exposure among male whale hunters 
(Choi et al. 2009). In Greenland, no association was found 
between Hg exposure and high blood pressure (Nielsen et al. 
2012). Associations between Hg exposure and blood pressure 
were also studied in children. Associations were reported 
between prenatal Hg exposure and lower systolic blood pressure 
in 7-year-old Faroese children (Sorensen et al. 1999) and for 
lower diastolic blood pressure in the Seychelles (Thurston et al. 
2007). In Nunavik children, no associations were found between 
blood pressure and either cord blood or contemporary Hg 
exposure at age 11 years (Valera et al. 2012).

Heart rate variability has also been studied in Arctic 
populations. An association was reported between Hg exposure 
and decreased heart rate variability in adults from Nunavik 
(Valera et al. 2008). Similar results were reported among James 
Bay Cree adults (Valera et al. 2011b). In children from Nunavik, 
cord blood Hg concentrations were not related to heart rate 
variability parameters at age 11 years, but child blood Hg levels 
were associated with decreased overall heart rate variability 
parameters, and these associations remained significant after 
adjusting for cord blood Hg, n-3 polyunsaturated fatty acids 
(PUFA) and selenium. In Faroese children, cord blood Hg 
concentrations were related to reduced low-frequency (LF) 
activities at age 7 years as well as with reduced LF, high 
frequency (HF), HF variation and coefficient of variation for 
the R-R interval of the electrocardiogram at age 14 years, and 
hair Hg at age 7 years was associated with LF and LF variation 
coefficient (Grandjean et al. 2004). A difference that is likely to 
explain discrepancies between findings with regard to cardiac 
autonomic activity in childhood is the consideration of cord 
n-3 PUFA and selenium in Nunavik: a significant negative 
association between cord blood Hg and NN (standard 

β = -0.13, p = 0.05) was observed after adjusting for most of 
the traditional risk factors used in the Faroe Islands studies 
(age, sex, birthweight, child body mass index, smoking during 
pregnancy), but these associations were no longer significant 
after adjusting for cord n-3 PUFA and selenium. This indicates 
that not adjusting for the nutrients found in abundance in 
fish could overestimate the prenatal Hg effect. Differences in 
study findings might also be attributable to differences in Hg 
exposure between cohorts. In fact, average cord blood Hg was 
about 1.5-fold higher among Faroese children (Grandjean et al. 
1992) than those from Nunavik, and hair Hg at age 7 years was 
three times higher in the Faroese study than the Nunavik study. 
Prenatal Hg exposure was also higher in the Seychelles study 
than in Nunavik (Thurston et al. 2007).

The predictive value of heart rate variability parameters in 
healthy children and risk of chronic diseases is unknown. 
Nevertheless, results from the Faroese and Nunavik cohorts 
provide evidence that Hg exposure during childhood is related 
to changes in cardiac autonomic activity at school age.

4.6 Endocrine effects 

Environmental chemicals have significant impacts on 
biological systems. Exposure during early stages of fetal and 
neonatal development is especially critical and can disrupt 
the normal pattern of development and thus dramatically 
alter disease susceptibility in later life. Endocrine-disrupting 
chemicals are those that interfere with the body’s endocrine 
system and so result in adverse developmental, reproductive, 
neurological, cardiovascular, metabolic and immune effects in 
humans. An endocrine-disrupting chemical is defined as ‘an 
exogenous substance or mixture, that alters the function(s) of 
the endocrine system, and consequently causes adverse health 
effects in an intact organism or its progeny or (sub)-population’ 
(IPCS 2002). Thus they are compounds that can mimic, 
interfere with or block the function of endogenous hormones 
and thereby disrupt the normal hormone homeostasis of the 
body. Growing evidence shows that endocrine-disrupting 
chemicals may also modulate the activity and/or expression 
of steroidogenic hormone receptors and enzymes, having the 
ability to convert circulating precursors into active hormones 
as well as to affect hormone metabolism and transport through 
the body (Yang et al. 2006; Schug et al. 2011; Bonefeld-
Jørgensen et al. 2014). 

The previous AMAP human health assessment described 
endocrine-disrupting chemicals and their potential effects 
mediated via the aryl hydrocarbon receptor (AhR), the estrogen 
receptor (ER), and the androgen receptor (AR) in detail (Gilman 
et al. 2009). The present chapter provides an update on recent 
knowledge and studies since 2008.

4.6.1  Biomarkers of POPs exposure and their 
endocrine-disrupting effects 

4.6.1.1 Legacy POPs and endocrine disruption

Levels and trends of legacy POPs in the Arctic have been 
assessed since 1997 by AMAP and reports on biomonitoring, 
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toxicological effects and health risks for Arctic populations were 
published in 1998 (AMAP 1998), 2003 (Bonefeld-Jørgensen 
and Ayotte 2003), and 2009 (Bonefeld-Jørgensen 2009). Since 
2000, parallel studies have been undertaken in Greenland on 
the human monitoring of biomarkers for POPs exposure and 
biomarkers of POPs effects, focusing on hormone-disruptive 
potentials and genetic sensitivity biomarkers (Bonefeld-
Jørgensen 2010; Bonefeld-Jørgensen et al. 2014).

Arctic populations have some of the highest body burdens of 
POPs globally (Van Oostdam et al. 2004). Levels of some POPs 
in Arctic Inuit are positively correlated with traditional food 
consumption (specifically fatty marine mammals), age, and 
smoking, and n-3 PUFA levels in plasma are strong indicators 
of the main source of POPs in traditional marine food (Deutch 
et al. 2003, 2004, 2007b; Cote et al. 2004; Bonefeld-Jørgensen 
2010). In Greenland (Fig. 4.1), regional differences and sex 
differences (highest in men) are observed in serum POP 
levels. The highest levels are found in Inuit living on the east 
coast (Ittoqqortoormiit and Tasiilaq) and in the north-west 
(Qaanaaq, although at a lower level) (Deutch and Hansen 2000; 

Bonefeld-Jørgensen 2010; Krüger et al. 2012) (Fig. 4.2). Higher 
levels of PCBs, p,p’-DDE, and p,p’-DDT in marine species and 
birds on the east coast compared to the west coast (Riget et al. 
2004; Vorkamp et al. 2004) might contribute to the differences 
observed. Some inhabitants in districts and settlements such 
as Ittoqqortoormiit (east coast) still rely on traditional foods, 
whereas in Qeqertarsuaq (west coast) and Narsaq (south) the 
diet is more westernized (Dewailly et al. 1999; Deutch and 
Hansen 2000; Bonefeld-Jørgensen 2010). 

The legacy POPs, with half-lives of 5 to 15 years (Ritter et al. 
2011), have been regulated by global and regional conventions 
with the aim of eliminating or reducing emissions (Stockholm 
Convention 2009–2014). The declining trend for many of 
these chemicals indicates that present-day contamination is 
largely a ‘legacy’ of past releases (Riget et al. 2010; Bjerregaard 
et al. 2013). A comparison of temporal trends for legacy POPs 
in Greenland revealed a decrease in atmospheric emissions 
(modeled), and ringed seal and human body burden between 
the late 1990s and 2010 (Bonefeld-Jørgensen pers. comm. 
2015). For both ringed seals and humans the decline was 
greater on the west coast (Nuuk > Disko Bay) than the 
east coast (Ittoqqortoormiit), while the level of MeHg and 
selenium in humans although highest in the north-west 
(Qaanaaq) showed no decreasing trend. However, a significant 
increasing trend for selenium was seen in Disko Bay 
(humans) and Ittoqqortoormiit (seals) (Bonefeld-Jørgensen 
pers. comm. 2015). The decreasing trends in legacy POPs 
might reflect a combination of both legislation and change 
to a more western diet. To supplement the biomonitoring 
studies, Sonne et al. (2013) set up a physiologically-based 
pharmacokinetic model to examine the fate of POPs in the 
liver, blood, muscle and adipose tissue of Greenlandic Inuit, 
following long-term exposure to a traditional Greenlandic 
diet. The model described the metabolism, excretion and 
accumulation of POPs on the basis of their physicochemical 
properties and metabolic rates in the organisms concerned. 
Basic correlations between chemically analyzed blood POP 
concentrations and calculated daily POP intake from food 
questionnaires were conducted for Greenlandic Inuit from 
four cities in western Greenland (collected from 2003 to 
2006). Significant correlations were found between blood 
POP concentrations and the calculated daily intake of POPs 
for Inuit from several districts. Despite the large variation in 
circulating blood POP concentrations, the model predicted 
blood concentrations of a factor of 2–3 within actual measured 
values. Moreover, the PBPK model showed that estimated 
blood POP concentration increased significantly after meals. 
As expected, for individuals with a high existing POPs body 
burden the model showed blood levels to be less influenced 
by recent meal intake. Of the POPs accumulated in the body, 
the model showed concentrations to be highest for PCB153. 
Furthermore, the model predicted that a significant internal 
body burden would continue to exist for several years after a 
dietary shift from traditional to western food; it also predicted 
that contaminant accumulation was 2 to 6 times faster than 
the decay following a shift to a diet low in contaminants 
(Sonne et al. 2013). This suggests that physiologically-based 
pharmacokinetic modelling should be used as a tool in future 
human health exposure and effect assessments in the Arctic. 

Figure 4.1 Districts for study of serum POP levels and serum POP 
biomarkers of effect in Greenlandic Inuit.
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4.6.1.2  Perfluoroalkyl acids and endocrine 
disruption

The perfluoroalkyl acids (PFAAs) include perfluorinated 
carboxylic acids (PFCAs) and perfluorinated sulfonic acids 
(PFSAs). The two most-studied PFAAs are perfluorooctanoic 
acid (PFOA) and perfluorooctane sulfonate (PFOS). These are 
the most studied because laboratory procedures in the past 
did not allow analyses of other PFAAs that in general exist at 
lower concentrations. PFOA and PFOS are persistent in the 
environment and occur in human blood, breast milk and liver 
with half-lives of 4 to 10 years (Olsen et al. 2008). The PFAAs 
are found globally and governmental regulations now exist 
in North America and Europe on the use and production of 
specific compounds such as PFOS and PFOA. 

Biomarkers of PFAA: in vivo rodent studies

The biological effects of PFAAs have been studied in detail in 
rodents; few data are available for other species and humans 
(OECD 2002; Kennedy et al. 2004). Studies in animals have 
documented an array of toxicological outcomes including 
liver hypertrophy and tumors (Butenhoff et al. 2004), thyroid 
hormone alterations, decreased serum cholesterol and glucose, 
developmental toxicity, immunotoxicity, and carcinogenic 
potency (Lau et al. 2007; Andersen et al. 2008). Animal studies 
have also suggested that PFAAs may have potential geno- 
and neurotoxic effects (Fuentes et al. 2007; Johansson et al. 
2009). The US EPA proposed that PFOA be deemed a rodent 
carcinogen of relevance to humans (US EPA 2006). Conflicting 
data for PFOA exposure in rats are reported for effects on 
reproductive tissues; an increase in mammary fibroadenomas 
and Leydig cell adenomas has been reported (Sibinski 1987), 
whereas two other rat studies did not find increased incidence 
of mammary-gland neoplasms (Hardisty et al. 2010; Butenhoff 
et al. 2012). However, in mice gestational exposure to PFOA 
compared to non-exposed controls was associated with altered 
mammary gland development in dams and female offspring, 
and a significant reduction in mammary differentiation among 

exposed dams was also evident affecting epithelial involution 
and altering milk protein gene expression (White et al. 2007). 
Because of these data, the US EPA Science Advisory Board 
recommended to reconsider the possible impact of PFOA on 
mammary tissues (Kropp and Houlihan 2005; US EPA 2006).

Biomarkers of PFAA: in vitro studies

In vitro studies have demonstrated endocrine-disrupting 
potentials of the PFAAs. Estrogenic properties of PFAAs were 
reported in human MCF-7 breast cancer cells (Maras et al. 2006) 
and the endocrine-disrupting potential of seven PFAAs was 
demonstrated in mammalian cell culture models (Kjeldsen and 
Bonefeld-Jørgensen 2013; Long et al. 2013). Three PFAAs elicited 
agonistic effects on ER transactivity (PFOS, PFOA, PFHxS) and 
five elicited antagonistic effects on AR transactivity (PFOS, PFOA, 
PFHxS, PFNA, PFDA) while the mixture including all seven 
PFAAs showed additive combined mixture effects (Box 4.1). 
PFDA also weakly decreased the aromatase activity at a high 
test concentration (Kjeldsen and Bonefeld-Jørgensen 2013). The 
seven PFAAs tested also affected thyroid-hormone function by 
inhibiting rat pituitary GH3 cell growth (Fig. 4.4); four PFAAs 
(PFOS, PFHxS, PFNA, PFUnA) also antagonized the T3-induced 
GH3 cell growth (Long et al. 2013). Only PFDoA and PFDA 
elicited an activating effect on AhR transactivation (Long 
et al. 2013). Moreover, perfluorinated compounds, and their 
metabolites present in food packaging materials, were reported 
to affect steroidogenesis in H295R human adrenal cortico-
carcinoma cells, decreasing and increasing gene expression of 
Bzrp and CYP19, respectively, leading to lower androgen and 
higher estrogen levels (Rosenmai et al. 2013). 

A smaller epidemiological case-control study showed for the first 
time a significant association between PFAA serum levels and risk 
of breast cancer in Greenlandic women (Bonefeld-Jørgensen et al. 
2011). Moreover, in the same study population polymorphisms 
in CYP1A1 (Val) and CYP17 (A1) were shown to be risk factors 
for breast cancer among Inuit women and that risk increased 
with higher serum levels of PFOS and PFOA (Ghisari et al. 2014). 

Figure 4.2 Serum POP levels and POP-related effects on receptor transactivities in Greenlandic Inuit (Bonefeld-Jørgensen et al. 2006; Long et al. 2006, 
2007; Krüger et al. 2007, 2008, 2012; Bonefeld-Jørgensen 2010). POP: persistent organic pollutant, including PCBs and organochlorine pesticides. ER-tact; 
ER-transactivity: estrogen receptor transactivity induced by serum extract of lipophilic legacy POPs in the presence of the ER agonist 17β-estradiol (E2). AR-
tact; AR-transactivity: androgenic receptor transactivation induced by serum extracts of lipophilic legacy POPs in the presence of the synthetic AR agonist 
methyltrienolone (R1881). RLU: Relative light unit. Prt: Cell Protein. AhR-TEQ: aryl hydrocarbon receptor –TCDD (2,3,7,8-tetrachlorodibenmzodioxin) 
toxic equivalent of serum extracts of lipophilic POPs.
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Box 4.1 Estrogenic and antiandrogenic effects of PFAAs in mammalian cell cultures 

Estrogen receptor transactivity in human breast carcinoma 
(MVLN) cells 

Seven PFAAs (PFOS, PFOA, PFHxS, PFNA, PFDA, PFUnA, 
PFDoA) were tested as individual compounds and in mixture 

upon co-exposure with 25 pM of the natural estrogen receptor 
ligand 17β-estradiol (E2) to mimic possible in vivo interactions 
between the test compounds and a natural estrogen hormone 
(Kjeldsen and Bonefeld-Jørgensen 2013).

Androgen receptor transactivity in Chinese hamster ovary (CHO-K1) cells

Figure 4.3 Seven PFAAs (PFOS, PFOA, PFHxS, PFNA, PFDA, PFUnA, PFDoA) were tested as individual compounds and in mixture 
upon co-exposure with 25 pM of the natural androgen receptor ligand dihydrotestosterone (DHT) to mimic possible in vivo interactions 
between the test compounds and a natural androgen hormone. No effects were observed for PFUnA and PFDoA when these compounds 
were tested alone (data not shown). Combined effects of the mixture were assessed using the principle of concentration addition (CA). 
HF: hydroxyflutamide (inhibitory control), SC: solvent control (Kjeldsen and Bonefeld-Jorgensen 2013).

Table 4.2 Estrogen receptor transactivity in human breast carcinoma (MVLN) cells

PFAAs tested with 25 pM E2 LOEC (M) MOEC (M) Percentage of solvent + 25 pM E2 ± SD

Solvent 100

PFHxS 4×10-5 9×10-5 187±24

PFOS 1×10-5 5×10-5 210±13

PFOA 3×10-5 9×10-5 145±15

Mix 3.5×10-5 3.5×10-5 150±25

LOEC: lowest tested concentration at which a significant effect (p<0.05) was detected; MOEC: lowest tested concentration causing the maximum 
effect (non-toxic); SD: standard deviation. Mix: equimolar mixture of all seven PFAAs. No effects were observed for PFNA, PFDA, PFUnA and 
PFDoA when these compounds were tested alone (data not shown).
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4.6.1.3  Contaminant exposure and 
hormone levels

Impact on the hypothalamo-pituitary-gonadal axis

Exposure to POPs may have a negative impact on reproductive 
function via impact on the hypothalamo-pituitary-gonadal axis. 

A study of reproductive hormones in men from Greenland and 
three European cohorts (Swedish fishermen, Warsaw Poland, 
Kharkiv Ukraine) (Bonde et al. 2008) reported significant 
variation in associations between exposure to PCB153 and 
p,p’-DDE and the outcomes. For the Kharkiv group, statistically 
significant positive associations were found between levels of 
both PCB153 and p,p’-DDE and SHBG, as well as luteinizing 
hormone, while for the Greenlandic Inuit men there was a 
positive association between PCB153 exposure and luteinizing 
hormone. For the pooled data set from all four centers, there 
was a positive association between p,p’-DDE and FSH levels 
(β = 1.1 IU/L; 95% CI: 1.0–1.1 IU/L), whereas the association 
between PCB153 and SHBG was of borderline statistical 
significance (β = 0.90 nmol/L; 95% CI: -0.04 to 1.9 nmol/L). 
The authors concluded that gonadotropin levels and SHBG 
seem to be affected by POPs exposure, but that the pattern of 
endocrine response is the subject of considerable geographic 
variation (Giwercman et al. 2006).

Studying differences between men living south and north of 
the Arctic Circle in Norway, Haugen et al. (2011) found no 
geographical differences in either mean levels of PCB153 (50 
vs 59 ng/g lipid; p=0.27) or sperm parameters. However, mean 
levels of p,p’-DDE were higher in the south than the north 
(81 vs. 66 ng/g lipid; p=0.02), as were levels of total and free 
testosterone. Moreover, FSH levels were lowest in the south. 
A strong relationship was observed between PCB153 and 
SHBG levels. The regional differences observed for p,p’-DDE, 
testosterone and FSH were not reflected in semen quality.

Ferguson et al. (2012) studied the relationship between PCB 
exposure and reproductive hormones in adult men from a US 
infertility clinic at low background exposure compared to Arctic 
populations. Several negative associations of PCBs and HCB 
with SHBG and total and free testosterone were observed in 
the crude regression models used. After adjusting for lipids, age 
and body mass index, nearly all significant associations were 
attenuated. However, a negative relationship remained between 
PCB118 and SHBG (p<0.01), and relationships between dioxin-
like PCBs and SHBG and total testosterone, and between 
PCB118 and total testosterone were not significant. The results 
suggest a minimal relationship between PCB exposure at low 
background levels similar to those observed in the general U.S. 
population and circulating reproductive hormones.

In the Faroe Islands, where PCB exposure is elevated, 
Grandjean et al. (2012b) studied the possible endocrine 
disruption of PCBs on 438 adolescent boys from a birth 
cohort by measuring PCB and p,p’-DDE levels in cord blood 
and serum from clinical examination at age 14 years. Higher 
prenatal PCB exposure was associated with lower serum 
concentrations of both luteinizing hormone and testosterone. 
In addition, SHBG was positively associated with both 
prenatal and concurrent PCB exposure. The PCB–SHBG 
association was robust to covariate adjustment. In a structural 
equation model, a doubling in prenatal PCB exposure was 
associated with a decrease in luteinizing hormone of 6% 
(p=0.03). Prenatal exposure to PCB and DDE showed weak, 
non-significant inverse associations with testicular size and 
Tanner stage. DDE was highly correlated with PCB and 
showed slightly weaker associations with the hormone profile. 
The findings suggest that delayed puberty with low serum-LH 
concentrations associated with developmental exposure to 
non-dioxin-like PCBs may be due to a central hypothalamo-
pituitary mechanism. 

Impact on the hypothalamo-pituitary-thyroid axis 

In experimental studies, it has frequently been observed that 
the homeostasis of thyroid hormones is affected by exposure 
to POPs, such as dioxins and PCBs, polybrominated flame 
retardants, OC pesticides, perfluorinated compounds and 
other compounds with endocrine-disrupting potentials such 
phthalates, bisphenol A, UV filters used in sunscreens, cosmetic 
products like night creams and anti-wrinkle remedies such as 
4-methylbenzylidene-camphor, octyl-methoxycinnamate, and 
benzophenone 2 and 3, and perchlorate. There is substantial 
evidence that perinatal exposure to PCBs and their hydroxylated 
metabolites decrease thyroid hormone in the offspring. In man, 
similar effects have been indicated in several epidemiological 
studies (Boas et al. 2012). 

In systematic review, Salay and Garabrant (2009) evaluated 22 
studies to look for a possible association between PCB exposure 
and circulating thyroid hormones and thyroid-stimulating 
hormone (TSH) levels in adults. The review indicated that PCBs 
can interfere with thyroid hormone homeostasis but that the 
epidemiological evidence was not entirely clear. The authors 
suggested that rigorous study design, assessment of potential 
confounding factors and a full report of methods in future 
studies might help explain the association between PCB and 
changes in thyroid function.

Figure 4.4 Effects of PFAAs on rat pituitary basal GH3 cell growth in the 
T-screen assay. GH3 cells were incubated with the given concentration 
(M) of compounds in the absence of 3,3’,5-Triiodo-L-thyronine (T3). 
Data represent the mean of at least three independent experiments, each 
performed in four replicates per concentration. Exposure to each PFAA 
significantly decreased cell proliferation compared to the solvent control 
(0.02% dimethyl sulfoxide or 0.02% ethanol) (p<0.05). The results given 
refer only to effects observed at non-cytotoxic concentrations. Source: 
Long et al. (2013).
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Dalaire et al. (2008) investigated the potential impact of 
transplacental exposure to PCBs and HCB on thyroid 
hormone concentrations in neonates from two remote 
coastal populations in Canada; one in Nunavik (n=410) 
and one on the Lower North Shore of the St Lawrence River 
(n=260). Both populations were exposed to OCs through 
seafood consumption. Cord blood samples were analyzed 
for thyroid parameters (TSH; free T4, fT4; total T3, tT3; and 
thyroxine-binding globulin, TBG) and contaminants. PCB153 
was not associated with thyroid hormone and TSH levels in 
either population. Prenatal exposure to HCB was positively 
associated with fT4 levels at birth in both populations 
(Nunavik, β = 0.12, p = 0.04; St. Lawrence, β = 0.19, p <0.01), 
whereas TBG concentrations were negatively associated with 
PCB153 concentrations (β = -0.13, p = 0.05) in the St Lawrence 
cohort. Thus OC levels were not associated with a reduction 
in thyroid hormones in neonates from the two populations. 
Essential nutrients derived from seafood such as iodine 
may have prevented the negative effects of OCs on thyroid 
function during fetal development. Dallaire et al. (2009a,b) 
studied the relationship between exposure to potential thyroid 
hormone-disrupting toxicants and thyroid hormone status 
in pregnant Inuit women from Nunavik and their infants 
within the first year of life. In pregnant women, they found 
a positive association between hydroxylated metabolites of 
PCBs and total tT3 concentrations (β = 0.57, p = 0.02). In 
cord blood, PCB153 concentrations were negatively associated 
with TGB levels (β = -0.26, p=0.01). In a subsample analysis, 
a negative relationship was also found between maternal 
pentachlorophenol levels and cord fT4 concentrations in 
neonates (β = -0.59, p=0.02). No association was observed 
between contaminants and thyroid hormones at age 7 months. 
The authors concluded that there is little evidence that the 
environmental contaminants analyzed in their study affect 
thyroid hormone status in Inuit mothers and their infants. The 
possibility that pentachlorophenol may decrease thyroxine 
levels in neonates requires further investigation.

The relationship between exposure to several polyhalogenated 
compounds and thyroid hormone homeostasis was studied by 
Dallaire et al. (2009a) for Inuit adults from Nunavik. Thyroid 
parameters and PCBs and their metabolites, OC pesticides, 
polybrominated diphenyl ethers (PBDEs), PFOS, and dioxin-
like compounds, were detected in plasma samples from Inuit 
adults (n=623). Negative associations were found between tT3 
concentrations and levels of 14 PCBs, seven hydroxylated PCBs, 
all methylsulfonyl metabolites of PCBs (MeSO(2)-PCBs), and 
two OC pesticides. Moreover, negative associations between 
fT4 levels and HCB concentrations were observed. Thyroxine-
binding globulin concentrations were inversely related to the 
levels of eight PCBs, five hydroxylated PCBs, and three OC 
pesticides. Exposure to BDE47 was positively related to tT3, 
whereas PFOS concentrations were negatively associated 
with TSH, tT3 and TBG and positively associated with fT4 
concentrations. The authors concluded that exposure to several 
polyhalogenated compounds was associated with modifications 
of the thyroid parameters in adult Inuit, mainly by reducing tT3 
and TBG circulating concentrations. The effects of PFOS and 
BDE47 on thyroid homeostasis require further investigation 
because other human populations display similar or even higher 
concentrations of these compounds. 

Audet-Delage et al. (2013) studied whether exposure to POPs 
might decrease the circulating concentrations of T4 bound 
to transthyretin (TTR) in Inuit women of reproductive age 
in Nunavik Canada. Hydroxylated PCBs, pentachlorophenol 
and PFOS compete with T4 binding sites on TTR. The data 
suggested that circulating levels of TTR-binding compounds 
were not high enough to affect TTR-mediated thyroid hormone 
transport. However, the authors suggested that the possibility 
of increased delivery of these compounds to the developing 
brain requires further investigation.

As a tool to evaluate a possible thyroid dysfunction of POPs, 115 
young adults of the Akwesasne Mohawk Nation, Canada were 
included in a study on the relationship between exposure to 
PCBs and OCs and the level of anti-thyroid peroxidase antibody 
(TPOAb) (Schell et al. 2009). Overall, 18 participants (15.4%) 
had TPOAb levels above the normal laboratory reference 
range (23% of females, 9% of males). Among participants 
that were breastfed (n=47), those with an elevated TPOAb 
level had significantly higher levels of all PCB groupings, with 
the exception of levels of non-persistent PCBs, which did not 
differ significantly. Levels of p,p’-DDE were also significantly 
elevated, while HCB and Mirex were not higher among those 
with elevated TPOAb. Also, after stratifying by breast-feeding 
status, participants who were breastfed showed significant, 
positive relationships between TPOAb levels and all PCB 
groupings, except groups comprising non-persistent PCBs, and 
with p,p’-DDE, HCB, and Mirex. No effects were evident among 
non-breastfed young adults. Further studies are necessary to 
elucidate the site and mechanism of action of these POPs 
and to establish thresholds for these effects, especially among 
populations with background levels of toxicant exposure.

Bloom et al. (2014) observed an association between POPs 
and thyroid hormones in aging residents of upper Hudson 
River communities (48 women, 66 men, age range 55–74 years). 
The POPs included 39 PCBs, DDT and DDE and nine PBDEs. 
Among women, DDT+DDE increased T4 by 0.34 μg/dL 
(p=0.04) and T3 by 2.78 ng/dL (p=0.05). Also in women, 
ΣPCBs in conjunction with PBDEs elicited increases of 
24.39–80.85 ng/dL T3 (p<0.05), and ΣPCBs in conjunction 
with DDT+DDE elicited increases of 0.18–0.31 μg/dL 
T4 (p<0.05). For men, estrogenic PCBs were associated with a 
19.82 ng/dL T3 decrease (p=0.003), and the sum of estrogenic 
PCBs in conjunction with DDT+DDE elicited an 18.02 ng/dL 
T3 decrease (p=0.04). The authors suggested that the influence 
of POPs on thyroid hormones in aging populations may have 
clinical implications and merits further investigation. 

4.6.2  Combined effect of serum legacy POPs on 
hormone receptor transactivities ex vivo

Today it is well known that the levels and profiles for the 
various POP groups vary among Greenlandic districts 
(Fig. 4.2) (Bonefeld-Jørgensen 2010). Studies on biomarkers 
of toxicological effects have shown that individual POPs have 
very different biological potentials. For example, some PCB 
congeners possess an estrogenic potential (e.g. some hydroxy-
PCBs) while others are antiestrogenic (e.g. PCB153, PCB180, 
PCB138) and antiandrogenic (PCB138); and some have dioxin-
like potentials (e.g. PCB126). Likewise, for OC pesticides both 
estrogenic potentials (e.g. toxaphene, β-HCH, DDT and DDE) 
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and antiandrogenic effects (e.g. DDE) have been reported 
(Bonefeld-Jørgensen 2010), and an in vitro inhibitive effect 
of α-HCH on activated androgen receptor was shown to 
antagonize the androgen receptor (AR)-mediated effects of 
the natural ligand dihydrotestosterone, DHT (Roy et al. 2004). 
Enantioselective effects of α-HCH were demonstrated by 
Pavlikova et al. (2012) and data suggested an interaction with 
multiple regulatory events controlling AR activity. Furthermore, 
additive enhancement of hormone actions has been reported 
in vitro for xenoestrogen and xenoantiandrogen mixtures 
(Bonefeld-Jørgensen et al. 2001; Payne et al. 2001; Rajapakse 
et al. 2002) and in vivo for antiandrogens (Metzdorff et al. 2007).

Mechanistic studies in human adrenocortical carcinoma cells 
(H295R) demonstrated that PCB118, PCB153 and PCB126 
decrease protein expression and alter steroidogenesis (Tremoen 
et al. 2014). Exposure to three PCB congeners with different 
chemical structure perturbed steroidogenesis and protein 
expression in the H295R in vitro model. Exposure to PCB118 
increased estradiol and cortisol secretion, while exposure to 
PCB153 elevated estradiol secretion. PCB126 was the most 
potent congener, increasing estradiol, cortisol, and progesterone 
secretion in exposed H295R cells. The alterations in protein 
regulation and steroid hormone synthesis suggest that exposure 
to PCB disturbs several cellular processes, including protein 
synthesis, stress response, and apoptosis. 

4.6.2.1 Ex vivo human studies in Greenland

In Greenland, district and gender differences were observed 
for POP exposure biomarkers and biomarkers of the combined 
effect of extracted lipophilic serum POPs on nuclear receptors 
(Fig. 4.2). A general inverse relationship was found between 
higher serum legacy POP concentrations and ER, AR and 
AhR transactivity. A higher frequency of serum samples 
with antagonistic ER and AR effects was observed for both 
sexes on the east (Ittoqqortoormiit, Tasiilaq) and north-west 
(Qaanaaq) coast of Greenland, whereas higher frequencies of 
serum samples with agonistic ER and AR effects were observed 
for both sexes on the west coast (Qeqertarsuaq, Narsaq, Nuuk, 
Sisimiut). However, for men in Nuuk and Sisimiut (two west 
Greenland districts), a tendency towards increased serum 
POP-induced AR activity was observed (Fig. 4.2) (Bonefeld-
Jørgensen 2010; Krüger et al. 2012). 

Using a more specific method for serum extraction of dioxin-
like compounds than reported by AMAP in the previous human 
health assessment (AMAP 2009), more than 75% of the serum 
POP extracts from both sexes elicited AhR-mediated dioxin-
like activities. As seen for hormone receptor transactivities, the 
tendency was the higher the serum legacy POP levels the lower 
the AhR transactivities (Fig. 4.2). The lowest medians of the AhR-
TCDD toxic equivalence (AhR-TEQ) values were observed in 
Ittoqqortoormiit (East) and Qaanaaq (North-west), with higher 
AhR-TEQ levels for both sexes observed in Tasiilaq (only five 
individuals), Narsaq, Sisimiut, and Nuuk, and the highest in Disko 
Bay (Qeqertarsuaq) (Fig. 4.2) (Bonefeld-Jørgensen 2010; Krüger 
et al. 2012). A tendency towards an inverse relation between the 
dioxin-like-induced AhR and ER activity supports the perception 
that dioxins exert an antiestrogenic effect. The authors concluded 
that the actual mixtures of serum POPs in Greenlandic Inuit have 
a hormone disrupting potential. 

Similar data for ER and AhR transactivity were observed 
by Erdmann et al. (2013) using the same method set up for 
extracting whole blood from East Greenlandic polar bears. 
However, compared to Inuit, a higher frequency of agonistic 
xenohormone activity was seen in polar bears. They suggested 
that differences in POPs metabolism resulting in higher levels 
of hydroxylated PCBs circulating in the blood of polar bears 
could be partly responsible but further investigation is needed. 
Although the frequency of serum POP agonisms towards the 
AhR activity in Inuit and polar bears was similar, higher AhR-
TEQ levels were found in polar bears. This might be explained 
by a higher overall POPs burden in polar bears influenced 
by differences in the POPs mixture profile and the ratio of 
non-dioxin-like PCBs and dioxin-like PCBs compared to Inuit 
(Erdmann et al. 2013).

In a comparison of Inuit and young Danish women, Bonefeld-
Jørgensen and Long (2010) found POPs levels in Inuit to be 
more than ten times higher than in Danes. Moreover, levels were 
positively associated with age in both study groups. The AhR-
TEQ level was significantly higher in Inuit, and was positively 
associated with plasma POPs, whereas no correlations were 
found for the Danish samples (Bonefeld-Jørgensen and Long 
2010; Long and Bonefeld-Jørgensen 2012). A recent study on 
AhR-TEQ in Danish subjects showed a higher level of AhR-
TEQ for individuals living in urban areas than rural areas 
(Mørck et al. 2014) indicating higher exposure to dioxin-like 
compounds via food intake and traffic in urban areas.

Comparisons between European and Greenlandic male serum 
POP levels showed significantly higher levels in Inuit, and as a 
result lower ER and AhR transactivity and a tendency towards 
higher AR activity for the Greenlandic serum samples. However, 
in the same study, Inuit had significantly lower sperm DNA 
damage (Bonefeld-Jørgensen 2010).

Determinants and effects of AhR function

To obtain a measure of POPs in plasma that interact with the AhR 
signaling pathway, Medehouenou et al. (2010) used a luciferase 
reporter gene assay to assess the AhR-mediated transcriptional 
activity elicited by plasma sample extracts from 874 Inuit adults 
recruited in the course of a prospective epidemiological study 
in Nunavik. Several socio-demographic, anthropometric, dietary 
and lifestyle variables were considered as possible modulating 
factors in the AhR-mediated activity in multivariate statistical 
analyses. The geometric mean AhR-mediated activity expressed 
as 2,3,7,8-tetachlorodibenzo-p-dioxin (TCDD) equivalents was 
8.9 μg/kg lipid (range: <5–144 pg/g lipid). PCB153 concentration 
moderately correlated with AhR-mediated activity (Pearson’s 
r=0.53, p<0.001). Multiple linear regression analyses revealed 
that age and n-3 fatty acids in erythrocyte membranes (an index 
of marine food consumption) were positively associated with 
plasma AhR-mediated activity (p<0.001), whereas a negative 
association was noted with body fat mass (p=0.037). The authors 
suggested that AhR-mediated transcriptional activity of Inuit 
plasma extracts is linked to their OC body burden, probably 
that of dioxin-like PCBs, polychlorinated dibenzo-p-dioxins and 
polychlorodibenzofurans. AhR-mediated transcriptional activity 
measures may prove useful in investigating possible associations 
between exposure to AhR agonists and adverse health effects in 
this indigenous population (Medehouenou et al. 2010). 
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4.6.2.2  Dioxin-like PCBs in relation to bone 
quality/strength

Results from experimental and population studies suggest that 
some dioxin-like compounds can alter bone metabolism and 
increase bone fragility. Bone strength in Inuit appears to be 
lower than in non-indigenous people. 

Paunescu et al. (2013b) conducted a descriptive cross-
sectional study to investigate the relationship between plasma 
concentrations of dioxin-like compounds and bone quality in 
Cree women of Eastern James Bay (Canada). Total dioxin-like 
compound concentrations were measured in plasma samples 
of participants by the AhR-mediated transcriptional activity 
elicited by plasma sample extracts using a luciferase reporter 
gene assay. Plasma concentrations of mono-ortho-substituted 
dioxin-like PCB105, PCB118 and PCB156 were measured by 
gas chromatography-mass spectrometry. 

PCB105 and PCB118 concentrations, but not the total dioxin-
like compound concentration, were inversely associated with 
the stiffness index, even after adjusting for several confounding 
factors. Other factors, including age, height, smoking status, 
menopausal status and the percentage of n-6 PUFAs in 
erythrocyte membranes were negatively associated with one 
of the ultrasound parameters, while the percentage of n-3 
PUFAs in these membranes and levels of physical activity 
and education were positively associated with them. Thus, 
increase in plasma concentrations of PCB105 and PCB118 
was negatively associated with stiffness index, a measure of 
bone quality/strength, in women of this population. Future 
studies should consider whether PUFA intake is a factor which 
influences bone quality.

Inuit women from Nunavik were also assessed using the AhR-
mediated transactivity for dioxin-like compounds and specific 
dioxin-like PCBs in plasma to determine whether lower bone 
strength observed in Inuit women might be explained by intake 
of dioxin-like compounds via their traditional diet (Paunescu 
et al. 2013a). Neither total plasma dioxin-like compounds nor 
specific dioxin-like PCBs were associated with stiffness index 
after adjusting for several confounding and co-varying factors. 
Thus, this study does not support a link between exposure 
to dioxin-like compounds and bone strength measured by 
ultrasonography in Inuit women of Nunavik.

4.6.3  Persistent organic pollutants and 
Type 2 diabetes

Several descriptive epidemiology studies suggest that certain 
POPs can contribute to the development of Type 2 diabetes 
(Carpenter 2008; Patel et al. 2010). Although many POPs have 
now been banned, exposure continues for the most persistent, 
such as the PCBs and the pesticide metabolite p,p’-DDE. Other 
persistent environmental chemicals still in current use are 
suspected to be diabetogenic, for example the brominated flame 
retardants and perfluorinated compounds. A causal relationship 
is supported by follow-up of subjects poisoned by PCBs and 
related substances (Wang et al. 2008). However, most of the 
recent epidemiological evidence is from cross-sectional case-
control studies, where increased serum POP concentrations 
were found to be a major determinant of diabetes (Everett and 
Matheson 2010) and metabolic syndrome (Lee et al. 2007). 

Genetic predisposition to Type 2 diabetes seems to play a role, 
but most genetic variants so far identified are associated with 
β-cell function and account for no more than about 10% of the 
risk. Thus it is very likely that POP exposure may trigger gene–
environment interactions with effects on insulin resistance 
and/or secretion.

In support of a POP-induced Type 2 diabetes etiology, 
experimental data have shown that certain POPs may increase 
insulin demand by decreasing insulin sensitivity in target 
tissues (Ruzzin et al. 2010). The findings related to physiological 
concentrations of the environmental chemicals showed effects 
of crude fish oil as compared to fish oil that had been cleaned 
of POPs. In addition, 2,3,7,8-tetradichlorobenzo-p-dioxin 
(TCDD) is known to cause toxicity to pancreatic β-cell lines, 
such as interference with mitochondrial membrane potential 
and induction of increased Ca2+ influx (Kim et al. 2009b). A 
scientific justification therefore exists for exploring the possible 
role of POP toxicity in Type 2 diabetes etiology and pathogenesis. 

In the Faroe Islands, 713 septuagenarians with a high POP 
exposure owing to a traditional diet (including pilot whale 
blubber), were examined for indicators of glucose metabolism 
in subjects free of Type 2 diabetes and pre-diabetes (impaired 
fasting glycaemia). Results showed that the fasting insulin 
concentration decreased by about 8% for each doubling of 
the serum concentration of PCBs, and that a similar increase 
occurred in the fasting glucose level. Along with higher PCB 
exposure in subjects with Type 2 diabetes and impaired fasting 
glycaemia, the results suggest that PCB-induced β-cell deficiency 
may be involved in the disease pathogenesis. Impaired insulin 
secretion appears to constitute an important part of the Type 2 
diabetes pathogenesis associated with exposure to persistent 
lipophilic food contaminants (Grandjean et al. 2011).

Individuals with vitamin D levels below 50 nmol/L doubled 
their risk of newly diagnosed Type 2 diabetes. Thus, in elderly 
subjects, vitamin D may provide protection against Type 2 
diabetes (Dalgard et al. 2011). The high prevalence of low 
vitamin D levels among the elderly Faroese population (19% 
with <25 nmol/L) reflects the low skin synthesis during most 
months of the year, which is caused by limited sun exposure 
and insufficient intake of marine food (Dalgard et al. 2010).

4.7 Carcinogenic effects 

Throughout the 20th century, the cancer patterns of the Inuit 
population have been characterized by a high risk of Epstein-
Barr virus (EBV)-associated carcinomas of the nasopharynx 
and salivary glands, and a lower risk of tumors common in 
Caucasian populations, including cancer of the breast, prostate, 
testis, and hemopoietic system. Both genetic and environmental 
factors seem to be responsible for this pattern. Over the past 
50 years, Inuit societies have undergone major changes in 
lifestyle and living conditions. The incidence of traditional 
Inuit cancers (nasopharynx and salivary glands cancer) has 
remained relatively constant, whereas the incidence of lifestyle-
associated cancers, especially cancer of the lung, breast, stomach 
and colorectal has increased considerably following changes 
in lifestyle (smoking, alcohol), diet, and reproductive factors 
(Friborg and Melbye 2008).
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A comparison of cancer incidence patterns between residents 
of Inuit Nunangat and the rest of Canada showed the age-
standardized incidence rate for all cancer sites (1998–2007) 
to be 14% lower for the Inuit Nunangat male population and 
29% higher for the female population compared to the rest of 
Canada (Carriere et al. 2012). Cancers of the nasopharynx, 
lung and bronchus, colorectal, stomach (males), and kidney 
and renal pelvis (females) were elevated in the Inuit Nunangat 
population compared to the rest of Canada, whereas prostate 
and female breast cancers were lower. As well as higher smoking 
prevalence within Inuit Nunangat, distinct socio-economic 
characteristics between the respective populations (including 
housing and income) may have contributed to the incidence 
differentials (Carriere et al. 2012).

Some cancer incidence in Greenland is several times higher 
compared to Denmark, such as nasopharyngeal, esophagus, 
biliary, ventricle, cervical, lung, liver, pancreas and colorectal 
cancer, respectively (The Danish National patient Register).

A study showed that the indigenous coastal Chukchi and 
Inuit living in Chukotka (Russia) were at higher risk of death 
from cancer during 1961–1990 than the Russian population 
nationally, with age-standardized cancer mortality among men 
twice that of Russia in general, and among women 3.5 times 
higher. The difference is due to the particularly high mortality 
from esophageal cancer and lung cancer in the indigenous 
people of coastal Chukotka. The mortality data from this study 
correspond to the pattern of incidence reported among other 
indigenous people of the Russian Arctic (Dudarev et al. 2013). 
The incidence of colorectal cancer is currently higher in Alaskan 
Inuit than in Caucasians living in the United States (Friborg 
and Melbye 2008). Cancer is now the leading cause of death 
among Alaska Native people, and cancer mortality rates in 
Alaska are significantly higher than in the mainland United 
States (Lanier et al. 2008). 

According to epidemiological studies, about 80% of all cancers 
are suspected to be related to environmental factors such as 
contaminant exposure and lifestyle. 

4.7.1  Contaminant exposure, oxidative stress 
and carcinogenicity 

Oxidative stress, the imbalance between production of the 
oxidants such as free radicals and the radical scavengers 
including enzymes and antioxidants, plays an important 
role in carcinogenicity (Kuraoka et al. 2003). However, 
epigenetic mechanisms (see Sect. 4.8.7) that do not involve 
DNA attack or heritable genetic alteration have been shown 
for several chemicals which produced tumors in laboratory 
animals (Williams and Whysner 1996). These non-genotoxic 
carcinogens may target nuclear receptors, cause aberrant DNA 
methylation at the genomic level and induce post-translational 
modifications at the protein level, thereby affecting the stability 
or activity of key regulatory proteins, including oncoproteins 
and tumor suppressor proteins (Fukushima et al. 2005). 

Overall, PCBs possess carcinogenicity through inducing 
formation of reactive oxygen species, genotoxic effects, immune 
suppression, an inflammatory response, and endocrine effects 
to various extents and via different pathways. The dioxin-like 
PCBs exert their effects mainly through AhR activation and the 

downstream cascade of related events; less-chlorinated PCBs act 
more readily through metabolic activation and the downstream 
effects of these metabolites. Thus, mixtures might have more 
than additive effects. Recently, PCBs and polybrominated 
biphenyls (PBBs) were classified by the International Agency 
for Research on Cancer as ‘human carcinogen’ and ‘possible 
human carcinogen’, respectively (Lauby-Secretan et al. 2013). 
Organochlorine pesticides elicit carcinogenicity mainly through 
non-genotoxic effects. Those such as o,p’-DDT, p,p’-DDE, and 
p,p’-DDD are able to modulate several cancer-related processes, 
namely in breast cancer cell lines, and underline the relevance 
of POP exposure to the risk of cancer development and 
progression and indicate the distinct pathways of action of 
these compounds on tumor cell biology (Pestana et al. 2015).

Synthetically produced perfluorinated chemicals are widely 
used in industrial products because of their anti-wetting and 
surfactant properties. Perfluorinated chemicals are suspected 
carcinogens and oxidative stress is a possible mechanism of 
action (O’Brien et al. 2005; Hu and Hu 2009; Eriksen et al. 
2010; Wielsøe et al. 2015). Oxidative stress is also involved in 
the carcinogenetic effect of other contaminants such as PBDEs 
(Hu et al. 2007) and heavy metals including arsenic, cadmium, 
chromium, cobalt, lead, mercury and nickel (Shi et al. 2004; Kern 
and Jones 2006; Beyersmann and Hartwig 2008; Schwerdtle 
et al. 2010; Filipic 2012; Hartwig 2013). Cadmium can also 
mimic the in vivo effects of estrogen in reproductive tissues 
(Johnson et al. 2003), and these estrogen-mimicking effects may 
be mediated via the estrogen receptor. Thus, cadmium might 
be related to the development of hormone-dependent cancer 
such as breast cancer (Byrne et al. 2009). 

To assess the DNA-damaging potential of PCBs in Inuit, 
103 blood samples (70 women, 33 men) were collected for a 
population from Salluit (Canada). Their traditional diet mainly 
comprises marine mammal blubber and fatty fish, which both 
accumulate non-biodegradable PCBs to varying degrees. A 
wide range of potentially damaging DNA adducts, from highly 
polar to highly lipophilic were detected in the blood samples. 
The known oxidative lesion, 8-oxodG was predominant, with 
51%, 54% and 57% of the total DNA adduct burden in the low, 
medium and high PCB exposure groups, respectively. Thus 
DNA damage might be associated with PCBs in the blood of 
Inuit. While some individual adducts appear to accumulate 
with increasing PCB level, a definitive association between 
PCBs and other newly detected DNA adducts could not be 
made (Ravoori et al. 2008). 

In addition to POPs, the traditional Inuit foods also contain 
a number of important nutrients, such as trace elements/
antioxidants and unsaturated fatty acids which have a favorable 
effect on health. Further investigation of 83 Inuit from Salluit 
(56 women, 27 men) showed the DNA adduct levels to be 
inversely associated with PCB and selenium (Se) levels. In the 
high Se:PCB ratio group, Se had a significantly negative effect 
on 8-oxodG (r = -0.38, p=0.014) and total adducts (r = -0.41, 
p=0.009) while there was no correlation within the low Se:PCB 
group, suggesting that increasing Se has a mitigating effect in 
reducing DNA adducts and therefore, possible negative effects 
of PCB were not seen. Thus there may be a protective effect of 
Se on the potentially damaging effect of PCB on DNA (Ravoori 
et al. 2010). 

91Chapter 4 · Health effects associated with measured levels of contaminants in the Arctic



In addition to genetic alteration, epigenetic regulation (see 
Sect. 4.8.7) through promoter methylation and microRNA 
expression alters gene expression profiling leading to a genome 
more vulnerable and unstable to the cancer risk of arsenic 
(Bhattacharjee et al. 2013).

4.7.2  Contaminant exposure and cancer risk 
in Arctic regions

4.7.2.1 Lung cancer

The incidence of lung cancer has increased remarkably in all 
Inuit populations over the past 40 years. Lung cancer now 
constitutes about 20% of all cancers in Inuit (Friborg and 
Melbye 2008). In fact, lung cancer incidence in circumpolar 
Inuit is among the highest in the world, for men and women. 
The age-standardized incidence rate of lung and bronchus 
cancer during 1998–2007 of male Inuit from Nunangat was 
113 per 100,000 which was double that for the rest of Canada 
(50.6 per 100,000) (Carriere et al. 2012). Greenland Inuit 
have double the standardized incidence rate of lung cancer in 
Denmark (NORDCAN). The smoking pattern among Inuit, 
possibly combined with co-factors related to environment and 
diet, are believed to be the relevant causal factors (Miller and 
Gaudette 1996). Although modern housing conditions have 
decreased exposure to fumes from lamps and open fires for 
cooking, many Inuit still spend substantial periods out on the 
land, cooking on open stoves inside tents. Marijuana smoking 
in 85% of adults (of Nunavik, Canada) might also play a role 
in the high incidence of lung cancer (Young 2008). 

A cross-sectional study of Alaska Natives has demonstrated the 
importance of genetic variation in CYP2A6 on the regulation 
of tobacco consumption behavior; pro-carcinogen exposure 
and metabolism in both light smokers and smokeless tobacco 
users (Zhu et al. 2013) (see Sect. 4.8).

4.7.2.2 Breast cancer

Breast cancer is the most common cancer for women in the 
western world. The established risk factors include genetic 
inheritance, for example mutations in the BRCA-1 and BRCA-2 
genes (Ferla et al. 2007), lifelong exposure to estrogens (early 
menarche and late menopause increase risk), obesity after 
menopause, alcohol, smoking and high fat intake. Although 
breast cancer risk is influenced by genetics and reproductive 
history, the known risk factors explain less than a third of all 
cases and more than 70% of women diagnosed with breast 
cancer have no inherited or sporadic cancer. Risk is thought 
to be modified by lifestyle and environmental exposure 
(Madigan et al. 1995). Although still lower in the Arctic Inuit, 
incidence is now approaching incidences recorded in Western 
populations (Friborg et al. 2003) and today about 12 to 15 
women are diagnosed every year in Greenland. From 1988 to 
1997, the age-adjusted incidence rate for women in Greenland 
was 46.4 per 100,000. For comparison, the rate in the United 
States was 124 per 100,000 for 2001 to 2008 and in Denmark 
about 100 per 100,000 in 2010 (Fredslund and Bonefeld-
Jørgensen 2012). The age-adjusted incidence rate for breast 
cancer in the Arctic Inuit Nunangat was lower than for the 
rest of Canada (45 vs 81 per 100,000) (Carriere et al. 2012). 

Although there is no significant difference in breast cancer 
rate between Alaska Native women and US white women, a 
significant increase in Alaska Native women was reported 
during 1974–2003 (Day et al. 2010). 

Breast cancer incidence in the Arctic increased between 1969 
and 2003 (Fredslund and Bonefeld-Jørgensen 2012) (Figs. 4.5 
and 4.6). The enormous transition in health conditions and 
lifestyle in the Arctic might be contributing to the known 
risk factors. Previous data suggest that exposure to POPs 
including PFCs might contribute to breast cancer risk. 
PCBs have been associated with effects relevant to breast 
cancer development such as estrogenic tumor promotion 
(Moysich et al. 2002). Although conflicting data for PFOA 
exposure in rats an increase in mammary fibroadenomas 
and Leydig cell adenomas was reported (Sibinski 1987), and 
in mice gestational exposure to PFOA was associated with 
altered mammary gland development in dams and female 
offspring, and reduction in mammary differentiation among 
exposed dams (White et al. 2007). Bonefeld-Jørgensen et al. 
(2011) evaluated the association between serum levels of 
POPs/PFCs in 31 cases of breast cancer in Greenlandic Inuit 
and 115 controls during 2000–2003 to establish whether the 
combined POP-related effect on nuclear hormone receptors 
affects risk. Serum levels of POPs, PFCs, some metals and 
the combined serum POP-related effect on ER-, AR- and 
AhR-transactivity were determined. For the very first time 
a significant association between serum PFC levels and 
the risk of breast cancer was observed. The breast cancer 
cases also showed a significantly higher concentration of 
PCBs at the highest quartile. Also, for the combined serum 
legacy POP-induced agonistic AR transactivity a significant 
association with breast cancer risk was found, and cases 
elicited a higher frequency of samples with significant POP-
related hormone-like agonistic ER transactivity. The AhR toxic 

Figure 4.5 Trend in age-standard incidence rate (ASIR) of breast cancer 
in Inuit over the past 45 years (Fredslund and Bonefeld-Jørgensen 2012). 
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equivalent was lowest in breast cancer cases possibly owing 
to receptor inhibition by non-dioxin-like POPs. The level of 
serum POPs, particularly PFCs, might be a risk factor in the 
development of breast cancer in Inuit. Hormone disruption 
by the combined serum POP-related xenoestrogenic and 
xenoandrogenic activities may contribute to the risk of 
developing breast cancer in Inuit (Bonefeld-Jørgensen et al. 
2011). Moreover, genetic analyses showed that the BRCA1 
founder mutations and polymorphism in P450 1A1 and 
CYP17 might increase risk among Greenlandic women 
(Ghisari et al. 2014) (see Sect. 4.6.1.2 and 4.8.2). A study in 
southern Quebec found an association between increased 
levels of PCBs, particularly PCB105, PCB118 and PCB156, 
and breast cancer (Demers et al. 2002). 

4.7.2.3 Ovarian cancer and prostate cancer

The etiology of ovarian cancer is not fully understood. Previous 
results support the hypothesis of long-term elevated estrogen 
concentrations as etiologically important for this disease 
(Spillman et al. 2010). For Arctic populations, the age-standard 
incidence rate of ovarian cancer among Alaska Native women 
was significantly lower than for US white women (5.2 vs.10.5 
per 100,000) in 1999–2003. No significant change in the rate 
of developing ovarian cancer was observed for Alaska Natives 
during 1973–2003 (Day et al. 2010).

Germ-line mutations in the tumor suppressor proteins BRCA1 
and BRCA2 predispose individuals to breast and ovarian cancer. 
About 10% of all breast and ovarian cancers are dominantly 
inherited and mutations are mainly found in the BRCA1 and 
BRCA2 genes. Harboe et al. (2009) found three patients out 
of nine diagnosed with ovarian cancer (33%), and one out of 
ten breast cancer patients (10%) to be carrying the BRCA1 
mutation in Greenland.

Risk of prostate cancer in Inuit is 10–20% of the risk in the 
respective national white population (Friborg et al. 2003; 

Snyder et al. 2006). A recent study showed that the age-standard 
incidence rate for prostate cancer during 1998–2007 was lower 
in the Inuit Nunangat population than in the rest of Canada 
(17 vs. 85 per 100,000) (Carriere et al. 2012).

4.7.2.4 Pancreatic cancer

A comprehensive meta-analysis has suggested that tobacco 
smoking, obesity, Type 2 diabetes mellitus and chronic 
pancreatitis are risk factors for pancreatic cancer. Kirkegaard 
(2012) reported that the age-standardized incidence rate for 
pancreatic cancer is 138% higher in Greenland Inuit than in 
Denmark. This could be partly explained by a higher prevalence 
of smoking and Type 2 diabetes (Kirkegaard 2012).

4.7.2.5 Summary

The pattern of malignant diseases in Inuit in the Arctic 
region is characterized by high frequencies of cancers of the 
nasopharynx, salivary glands and esophagus and low frequencies 
of tumors common in Caucasians such as cancers of the testis, 
prostate, breast, and hematological system. However, during 
the latter half of the 20th century, cancer incidence increased 
substantially among all circumpolar Inuit in the Arctic region, 
especially for the lifestyle-associated lung, breast and colon 
cancers (Friborg and Melbye 2008; Carriere et al. 2012; Kelly 
et al. 2008; Fredslund and Bonefeld-Jørgensen 2012). Overall 
cancer rates now seem comparable to those of the United States, 
Canada and Denmark. The recent change in lifestyle and diet 
and thus environmental contaminant exposure of the Inuit 
might play a role in this. Risk characterization modelling based 
on blood concentrations of PCB153 in Inuit women during 
1994–2005 at Disko Bay, 1999–2005 at Nuuk, and 1992–2007 
at Nunavik resulted in an estimated cancer risk for the Arctic 
indigenous population upon exposure to PCB153 of 4.6×10-5 
to 1.8×10-6 for the 90th percentile and 3.6×10-5 to 1.4×10-10 for 
the 50th percentile between 1930 and 2049 (Abass et al. 2013). 

Figure 4.6 Increase in breast cancer 
incidence in Greenland for the 
period 1994–2008. The number 
of cases per year was adjusted for 
change in population size and then 
multiplied by 100,000 (Fredslund 
and Bonefeld-Jørgensen 2012).
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4.8 Genetic modifiers 

4.8.1  Gene–Environment interactions in 
relation to cancer risk

Polymorphisms relevant in relation to environmental cancers 
are those that either modify the exposure dose or that modify 
the carcinogenic effect of a given exposure. A polymorphism 
may modify the correlation between environmental exposure 
and cancer risk, for example, by changing the metabolism and 
thereby the internal concentration of carcinogenic compounds. 
A functional effect of the polymorphism is a prerequisite for a 
biological effect. Much of the current molecular epidemiological 
research aims at identifying those functional polymorphisms 
and their interaction with environmental factors. The simplest 
model for the effect of polymorphisms in cancer is that they 
have additive effects in relation to cancer risk, and additive 
effects in combination with environmental factors. However, if 
polymorphisms interact with environmental factors in relation 
to cancer risk, it means that there are less-than-additive effects 
or more-than-additive effects. For instance, it could be that the 
rate of skin cancer formation after sun exposure is much higher 
among people with defective nucleotide excision repair than 
among people with proficient DNA repair. Therefore, there is 
interaction between genotype and sun exposure in relation to 
skin cancer risk. These differences in risk of cancer are often 
called ‘genetic susceptibility’.

4.8.2  Genetic polymorphisms and 
contaminants in the Arctic

The indigenous Arctic population is of Asian descent, and 
their genetic background is different to that of the Caucasian 
populations. Relatively little is known about the specific 
genetic polymorphisms in genes involved in the activation and 
detoxification mechanisms of environmental contaminants in 
Inuit and their relation to health risk. The Greenlandic Inuit are 
highly exposed to legacy POPs such as PCBs and OC pesticides, 
and an elucidation of gene-environment interactions in relation 
to health risks is needed.

Ghisari et al. (2013) compared the genotype and allele 
frequencies of the cytochrome P450 CYP1A1 Ile462Val 
(rs1048943), CYP1B1 Leu432Val (rs1056836) and catechol-O-
methyltransferase COMT Val158Met (rs4680) in Greenlandic 
Inuit (n=254) and Europeans (n=262) and explored the possible 
relation between the genotypes and serum levels of POPs. The 
genotype and allele frequency distributions of the three genetic 
polymorphisms differed significantly between the Inuit and 
Europeans. For Inuit, the genotype distribution was more 
similar to those reported for Asian populations. A significant 
difference in serum PCB153 and p,p’-DDE levels between Inuit 
and Europeans was found, and for Inuit associations were also 
found between POP levels and genotypes for CYP1A1, CYP1B1 
and COMT. Thus, the data provide new information on gene 
polymorphisms in Greenlandic Inuit that might support 
evaluation of susceptibility to environmental contaminants 
and warrant further studies (Ghisari et al. 2013).

Ghisari et al. (2014) investigated the main effect of 
polymorphisms in genes involved in xenobiotic metabolism 
and estrogen biosynthesis, CYP1A1, CYP1B1, COMT and 

CYP17, CYP19 and the BRCA1 founder mutation in relation 
to breast cancer risk, and possible interactions between the 
gene polymorphisms and serum POP levels on breast cancer 
risk in Greenlandic Inuit women. They found that the BRCA1 
founder mutation and polymorphisms in CYP1A1 and CYP17 
can increase breast cancer risk among Inuit women and that risk 
increases with higher serum levels of PFOS and PFOA. Serum 
PFAS levels were a consistent risk factor for breast cancer, but 
inter-individual polymorphic differences might cause variations 
in sensitivity to the PFAS/POP exposure (Ghisari et al. 2014).

In the INUENDO study population, which includes proven-
fertile men from Greenland, Warsaw (Poland), and Kharkiv 
(Ukraine) the effect of exposure to POPs on sperm concentration 
was seen only in men with a short AR gene nucleotide CAG 
sequence repeat. To investigate whether these effects could also 
be observed in vitro, the impact of PCB153 and 4,4’-DDE on 
5α-dihydrotestosterone-activated ARs containing 16, 22 and 
28 CAG repeats, respectively, was tested. Single exposure to 
4,4’-DDE had the most pronounced effect on the AR activity 
containing 16 CAG repeats, whereas 28 CAG was the most 
sensitive variant when a mixture of the two compounds was 
added. Thus, the in vitro results confirmed the in vivo data 
indicating a CAG repeat length dependent effect of endocrine 
disrupters on AR activity (Bjork et al. 2011).

The view that there is an inverse linear association between 
AR CAG and nucleotide GGN sequence polymorphisms and 
receptor activity has been challenged. In a study population 
which includes proven-fertile men from Greenland, Warsaw, 
and Kharkiv the pattern of association was analyzed between 
21 male reproductive phenotypes and AR CAG/GGN repeat 
lengths in 557 men. A linear association was found only 
between sperm DNA fragmentation index (DFI) and CAG 
length, and between inhibin B and GGN length. Men with 
longer CAG than the reference condition (22–24), had higher 
estradiol levels, whereas men with shorter CAG stretches had a 
higher DFI and a higher proportion of Fas-positive germ cells. 
Subjects with either short or long CAG had increased seminal 
levels of prostate-specific antigen and neutral α-glucosidase 
activity. Compared to men with the median GGN length of 23, 
those with shorter GGN repeats had higher inhibin B levels, 
higher proportions of normal and progressive sperm, and a 
higher fraction of Fas-positive sperm, while men with longer 
GGN repeats had higher estradiol levels. These data indicate 
that at least for some markers of male reproductive function 
the association with CAG or GGN repeat length is curvilinear 
(Brokken et al. 2013).

4.8.3  Genetics in relation to lifestyle factors in 
Arctic populations

Nicotine, the psychoactive ingredient in tobacco, is metabolically 
inactivated by CYP2A6 to cotinine. CYP2A6 also activates pro-
carcinogenic tobacco-specific nitrosamines (TSNA). Genetic 
variation in CYP2A6 is known to alter smoking quantity and 
lung cancer risk in heavy smokers. The study aimed to investigate 
how CYP2A6 activity influences tobacco consumption and 
pro-carcinogen levels in light smokers and smokeless tobacco 
users. Cigarette smokers (n=141), commercial smokeless 
tobacco users (n=73) and iqmik (mixture of tobacco and 
ash) users (n=20) were recruited in a cross-sectional study of 
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Alaska Native people. The participants’ CYP2A6 activity was 
measured by both endophenotype and genotype, and their 
tobacco and pro-carcinogen exposure biomarker levels were 
also measured. Smokers, smokeless tobacco users and iqmik 
users with lower CYP2A6 activity had lower urinary total 
nicotine equivalents and (methylnitrosamino)-1-(3)pyridyl-
1-butanol (NNAL) levels (a biomarker of TSNA exposure). 
Levels of N-nitrosonornicotine (NNN), a TSNA metabolically 
bioactivated by CYP2A6, were higher in smokers with lower 
CYP2A6 activities. Light smokers and smokeless tobacco users 
with lower CYP2A6 activity reduce their tobacco consumption 
in ways (such as inhaling less deeply) that are not reflected by 
self-report indicators. Tobacco users with lower CYP2A6 activity 
are exposed to lower pro-carcinogen levels (lower NNAL levels) 
and have lower pro-carcinogen bioactivation (as indicated by 
the higher urinary NNN levels suggesting reduced clearance), 
which is consistent with a lower risk of developing smoking-
related cancers. This study demonstrates the importance of 
CYP2A6 in the regulation of tobacco consumption behaviors, 
pro-carcinogen exposure and metabolism in light smokers and 
smokeless tobacco users (Zhu et al. 2013).

4.8.4  Genetic variability and hepatitis in 
the Arctic

Hepatitis B virus (HepB) infection is highly prevalent in 
circumpolar indigenous peoples. However, the clinical 
outcome is extremely variable, such that while hepatocellular 
carcinoma is uncommon in Canadian Inuit, its incidence 
is slightly higher in Greenlanders than in Danes, and it is 
especially high in Alaskan Native people infected with HepB 
genotypes F (HepB/F) and C (HepB/C). These differences may 
be associated with the genomic variability of the predominant 
HBV genotype in each group. Kowalec et al. (2013) examined 
the rate, nature and regional susceptibility of HepB genomic 
mutations among circumpolar indigenous individuals. Paired 
serum samples, separated by 5–6 years, were analyzed from 
Canadian and Greenlandic Inuit infected with HepB genotype 
B6 (HepB/B6) and HepB/D, respectively, and from Alaskan 
Native people infected with HepB/F, each having subsequently 
developed hepatocellular carcinoma. Mutations associated 
with severe outcomes predominated in HepB/F. HepB/B6 
genomes exhibited higher diversity compared to HepB/D 
and HepB/F, particularly within the core coding region. Thus, 
differing mutational profiles and genetic variability were 
observed among different HepB genotypes predominating 
in circumpolar indigenous patients. The unusual observation 
of persistently high genetic variability with HepB/B6 despite 
clinical inactivity could be due to the evolution of a host-
pathogen balance, but other possible factors also need to be 
explored (Kowalec et al. 2013).

4.8.5  Genetics in relation to hearing 
impairment in the Arctic 

In a cross-sectional survey, the genetic causes of hearing 
impairment (HI) were investigated among the Inuit with a high 
prevalence. Mutations in the GJB2 gene have been identified as 
a frequent cause of HI. GJB2 encodes the gap junction protein 
connexin-26 (Cx26), involved in cochlear K+ homeostasis 
and is important for mechano-sensory sound transduction. 

Cx26 mutations explain 15–50% of all non-syndromic HI, but 
apart from that gene there is huge genetic heterogeneity with 
more than 75 loci/genes for autosomal recessive HI now being 
identified. The study group comprised 45 patients selected from 
166 East Greenlanders with hearing impairment, including 
24 males and 21 females and with a median age of 35 years (range: 
5–76). Controls were 108 East- and 109 West-Greenlanders. 
Connexin-26 GJB2 DNA sequence analyses were performed. The 
c.35delG allele frequency was 3.3%. One patient, homozygous 
for the c.35delG GJB2 mutation, had bilateral congenital 
profound hearing impairment. Another with mixed hearing 
impairment was heterozygous for the same mutation. Three were 
heterozygous for the p.V27I variant and one was heterozygous 
for the p.V153I variant. The frequency of the c.35delG mutation 
in the controls varied between 0.5% in West Greenland to 2.3% 
in East Greenland. In conclusion, the c.35delG GJB2 mutation 
occurs in Greenland with low frequency, and the main causes 
behind the prevalence of hearing impairment in this population 
are chronic otitis media, noise traumas, and/or unidentified 
genetic causes (Homoe et al. 2012).

4.8.6  Metabolism and contaminants: animal 
studies to mimic human exposures 

Exposure to environmental contaminants induces the activation 
of cytochrome P450s (CYP) which leads to the hydroxylation 
of contaminants and endogenous hormones such as estrogens. 
The hydroxylation of estrogens forms catecholestrogens, 
one being the mutagenic 4-hydroxyestradiol-17β 
(4-OH-E2). Catecholestrogens are transformed by 
catechol-O-methyltransferases (COMTs) into nonreactive 
methoxyestrogens. To investigate the hepatic metabolism of 
estradiol-17β in female offspring at postnatal day 21, pregnant 
rats were dosed daily from gestation day 1 until postnatal day 21 
with two dose levels of OC pesticides (0.019 or 1.9 mg/kg per d), 
MeHg (0.02 or 2 mg/kg per d), PCBs (0.011 or 1.1 mg/kg per d), 
or a mixture (0.05 or 5 mg/kg per d) including all three groups 
of chemicals, reflecting the concentrations of OCs in serum of 
the Canadian Arctic population. The low-dose treatments or the 
MeHg groups showed no effect. The high-dose OC pesticides, 
PCB, and the Mixture group increased the production of 
2-OH-E2 and 6α-OH-E2, while only the PCB and Mixture 
groups increased the 2-OH-CE:methoxyestrogen ratio. In all 
groups, the cytosolic COMT activity exceeded the microsomal 
production rate of 4-OH-E2. Although the Mixture treatment 
included the PCB and OC pesticide mixtures, it did not 
modify the estrogen metabolism more than the PCB mixture 
alone. This endocrine-disruption information contributes to 
understanding of chemical interactions in the toxicology of 
chemical mixtures (Desaulniers et al. 2012).

Environmental contaminants are thought to be involved in the 
epidemic incidence of metabolic disorders, with food ingestion 
a primary route of exposure. It has been hypothesized that life-
long consumption of a high-fat diet that contains low doses 
of pollutants will aggravate metabolic disorders induced by 
obesity itself. Mice dams were challenged from preconception 
throughout life with a high-fat diet containing pollutants 
commonly present in food (2,3,7,8-tetrachlorodibenzo-p-
dioxin, PCB153, diethylhexyl phthalate, and bisphenol A), 
added at low doses in the tolerable daily intake range. Pollutant-
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exposed mice exhibited significant sex-dependent metabolic 
disorders in the absence of toxicity and weight gain. In their male 
progeny, pollutants increased the expression of hepatic genes 
(from 36% to 88%) encoding proteins related to cholesterol 
biosynthesis and decreased (40%) hepatic total cholesterol 
levels. In female progeny, there was a marked deterioration 
of glucose tolerance, which may be related to the two-fold 
induction of estrogen sulfotransferase and reduced expression 
of estrogen receptor α (25%) and estrogen target genes (>34%). 
Owing to the very low doses of pollutants used in the mixture, 
these findings may have strong implications in understanding 
the potential role of environmental contaminants in food in 
the development of metabolic diseases (Naville et al. 2013).

The potential toxicity of PFOS, an environmentally persistent 
organic pollutant, is of great concern. A study by Yu et al. (2009) 
examined the ability of PFOS to disturb thyroid function and 
the possible mechanisms involved in PFOS-induced thyroid 
hormone alteration. Male Sprague-Dawley rats were exposed 
to 1.7, 5.0, and 15.0 mg/L of PFOS in drinking water for 91 
consecutive days. Serum total T4 level decreased significantly 
at all dosages, whereas the total T3 level increased markedly 
only at 1.7 mg/L of PFOS. No statistically significant toxic 
effects of PFOS on serum TSH were observed. Hepatic uridine 
diphosphoglucuronosyl transferases (UGTIA1) mRNA was 
up-regulated at 5 and 15 mg/L of PFOS. Treatment with PFOS 
lowered hepatic type 1 deiodinase (DIO1) mRNA at 15 mg/L 
but increased thyroidal DIO1 mRNA dose-dependently. The 
activity of thyroid peroxidase, sodium iodide symporter, 
and TSH receptor mRNA in thyroid were unaffected by 
PFOS treatment. The results indicate that increased hepatic 
T4 glucuronidation via UGT1A1 and increased thyroidal 
conversion of T4 to T3 via DIO1 were responsible in part for 
PFOS-induced hypothyroxinemia in rats (Yu et al. 2009).

4.8.7 Epigenetics

The placenta and its myriad functions are central to successful 
reproductive outcomes. These functions can be influenced by 
the environment encountered throughout pregnancy, thereby 
altering the genetic programming needed to allow sustained 
pregnancy and appropriate fetal development. This altered 
programming may result from epigenetic alterations related to 
environmental contaminant exposure. Epigenetic alterations are 
now being linked to several important reproductive outcomes, 
including early pregnancy loss, intrauterine growth restriction, 
congenital syndromes, preterm birth, and preeclampsia. As 
research continues to enhance understanding of the molecular 
processes including epigenetic regulation that influence 
pregnancy, it will be critical to specifically examine how the 
environment, broadly defined, may play a role in altering these 
critical functions (Robins et al. 2011).

Rusiecki et al. (2008) analyzed the relationship between plasma 
POP concentrations and global DNA methylation (percent 
5-methylcytosine) in DNA extracted from blood samples 
from 70 Greenlandic Inuit and used pyrosequencing to 
estimate global DNA methylation via Alu and LINE-1 assays 
of bisulfite-treated DNA to evaluate the correlations between 
plasma POP concentrations and global DNA methylation. They 
found an inverse correlation between methylcytosine percent 
and many of the POP concentrations. Linear regressions, 

adjusting for age and cigarette smoking, showed statistically 
significant inverse linear relationships mainly for the Alu 
assay for p,p’-DDT (β = -0.26), p,p’-DDE (β = -0.38), β-HCH 
(β = -0.48), oxychlordane (β = -0.32), α-chlordane (β = -0.75), 
Mirex (β = -0.27), ΣPCBs (β = -0.56) and ΣPOPs (β = -0.48). 
Linear regressions for the LINE-1 assay showed β estimates 
of similar magnitudes to those using the Alu assay; however, 
none was statistically significant. This first study investigating 
environmental exposure to POPs and DNA methylation levels 
in an Arctic population has shown that global methylation levels 
are inversely associated with blood plasma levels for several 
POPs and merit further investigation.

To evaluate changes in methylation associated with n-3 PUFA 
intake, Aslibekyan et al. (2014) undertook an epigenome-wide 
methylation association study of long-chain n-3 PUFA intake 
and the associations between the diabetes- and cardiovascular 
disease-related traits. DNA methylation was assessed at 
~470,000 cytosine-phosphate-guanine (CpG) sites in a 
cross-sectional study of 185 Yup’ik Alaska Native individuals 
representing the top and bottom deciles of PUFA intake. Linear 
regression models were used to test for the associations of 
interest, adjusting for age, sex, and community group, and 
identified 27 differentially methylated CpG sites at biologically 
relevant regions that reached epigenome-wide significance 
(p <1×10-7). Specifically, regions on chromosomes 3 (helicase-
like transcription factor), 10 (actin α2 smooth muscle/Fas cell 
surface death receptor), and 16 (protease serine 36/C16 open 
reading frame 67) each harbored two significant correlates of 
n-3 PUFA intake. This indicates an association between several 
biologically relevant epigenetic markers and long-term intake 
of marine-derived n-3 PUFAs (Aslibekyan et al. 2014).

4.8.8  Genetic predisposition and 
methylmercury neurotoxicity

Cognitive consequences at school age associated with prenatal 
MeHg exposure may need to take into account nutritional 
and socio-demographic cofactors as well as relevant genetic 
polymorphisms. Julvez et al. (2013) selected a subsample 
(n=1311) of the Avon Longitudinal Study of Parents and 
Children (Bristol, UK)  and measured Hg concentrations 
in freeze-dried umbilical cord tissue as a measure of MeHg 
exposure. A total of 1135 children had data on 247 single-
nucleotide polymorphisms within relevant genes, as well as 
the Wechsler Intelligence Scale for Children IQ scores at age 
8 years. Multivariate regression models were used to assess 
the associations between MeHg exposure and IQ and to 
determine possible gene-environment interactions. Mercury 
concentrations indicated low background exposure (mean 
= 26 ng/g, SD = 13). Log10-transformed Hg concentration 
was positively associated with IQ, which attenuated after 
adjustment for nutritional and socio-demographic cofactors. 
In stratified analyses, a reverse association was found in higher 
social class families (for performance IQ, p = 0.0013) among 
which there was a wider range of MeHg exposure. Among 
40 single-nucleotide polymorphisms showing nominally 
significant main effects, MeHg interactions were detected for 
rs662 (paraoxonase 1) and rs1042838 (progesterone receptor) 
(p <0.05) and for rs3811647 (transferrin) and rs2049046 
(brain-derived neurotrophic factor) (p <0.10). Thus, in this 
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population with low MeHg exposure, associations between 
MeHg exposure and adverse neuropsychological outcomes were 
equivocal. Heterogeneities in several relevant genes suggest 
possible genetic predisposition to MeHg neurotoxicity in a 
substantial proportion of the population. Future studies should 
address this possibility (Julvez et al. 2013).

4.9 Effect modifiers 

Most environmental research on the effects of chemicals focuses 
on single exposures. However, exposure to mixtures of chemicals 
is ubiquitous in real life (Bellinger 2009). Certain chemical 
substances may target the same organ and induce similar effects 
in an additive or non-additive way (Carpenter et al. 2002). 
Recent studies suggest a synergistic effect of metal mixtures with 
neuropsychological outcomes (Kim et al. 2009a) or kidney disease 
(Navas-Acien et al. 2009). However, studies that examine the 
effects of chemical mixtures remain limited in humans, and even 
in experimental animal studies (Carpenter et al. 2002).

Methylmercury, a worldwide contaminant of seafood, can cause 
adverse effects on the developing nervous system. However, 
long-chain n-3 PUFAs in seafood provide beneficial effects on 
brain development. Negative confounding is likely to result 
in underestimation of both Hg toxicity and nutrient benefits 
unless mutual adjustment is included in the analysis. In the 
Faroe Islands and NCDS cohort studies, associations between 
prenatal exposure to MeHg and neurobehavioral deficits at 
school age were strengthened after fatty acid adjustment, thus 
suggesting that n-3 fatty acids should be included in similar 
studies to avoid underestimating associations with MeHg 
exposure (Choi et al. 2014).

Yorifuji et al. (2011) examined the effects of prenatal Pb 
exposure on cognitive deficits in the presence of a similar molar 
concentration of a neurotoxic co-pollutant (MeHg) in 7- and 
14-year-olds born in the Faroe Islands. Their analyses of the total 
cohort and those of cohort members without interaction terms 
among lower co-pollutant exposure categories showed equivocal 
results. However, when the subjects were restricted to a lower co-
pollutant category, and statistical interaction terms were entered 
within the category, adverse effects of prenatal Pb exposure on 
cognitive function in childhood were observed, especially on 
attention, learning and memory. In the Faroe Islands it has been 
suggested that another co-pollutant, the PCBs, may affect human 
brain development through maternal ingestion of contaminated 
pilot whale blubber. However, Yorifuji et al. (2011) found that PCBs 
were only weakly associated with neuropsychological deficits 
(deficits on the Boston naming test – without cues p=0.09 and 
with cues p=0.03 – and long-term recall in CVLT-C – p=0.15), 
and not in the outcomes affected by Pb in the present study.

4.10 Conclusions 

Neurobehavioral effects: Effects associated with MeHg exposure 
have been documented in humans at successively lower exposures 
and it is clear that the developing brain is the most vulnerable 
organ system. Prenatal exposure to MeHg has been associated 
with clear effects on the developing brain. Cohort studies in the 
Faroe Islands have demonstrated that children exposed to MeHg 

in utero exhibit decreased motor function, attention span, verbal 
abilities, memory and other mental functions. Follow-up of these 
children up to the age of 22 years indicates that these deficits 
appear to be permanent. Similarly, a study in Nunavik of child 
development at age 11 showed that Hg exposure was associated 
with poorer early processing of visual information, lower 
estimated IQ, poorer comprehension and perceptual reasoning, 
poorer memory functions, and increased risk of attention 
problems and ADHD behavior. Some of the adverse effects of 
MeHg on neurodevelopment may be masked by beneficial effects 
of seafood nutrients. Neurophysiological assessments of brain 
function also indicate that postnatal exposure up to the teenage 
years can cause harm. Thus, both pregnant women and children 
are at increased risk from MeHg exposure. New studies indicate 
that certain genetic factors may increase vulnerability to MeHg 
toxicity. Neurophysiological assessments of children from the 
Faroe Islands and Nunavik have been less clear with regard to 
the effects of prenatal exposure to PCBs.

Immunological effects: Certain environmental pollutants can 
adversely affect the development of the immune system. Young 
children in Nunavik have had a high incidence of infectious 
diseases (such as meningitis, bronchopulmonary infections, 
and middle ear infections) for many years. Recent studies to 
investigate the possibility that this could be partly due to maternal 
transfer of OCs with known immunotoxic properties during 
breastfeeding show that that prenatal exposure to OCs does 
increase susceptibility to infectious diseases (in particular otitis 
media). Most experimental evidence points to the role played 
by the dioxin-like PCB congeners. Immunotoxic effects have 
also been seen on routine childhood immunizations. Faroese 
children exhibiting elevated levels of PCBs and especially 
perfluorinated compounds showed reduced immune response 
to routine vaccinations. These findings suggest a decreased 
effect of childhood vaccinations and may indicate a more 
general immune system deficit. The implications of inadequate 
antibody production highlight the need to significantly reduce 
immunotoxicant exposure in Arctic populations, as well as the 
need for long-term assessments of the health risks associated 
with exposure to immunotoxic contaminants.

Reproductive effects: Many Danish and Faroese men have a low 
level of semen quality compared to men from other European 
countries, and there are also indications of lower capacity for 
testosterone production. Studies of semen quality did not show 
a relationship with PCB153 or p,p’-DDE levels in blood in 
Greenlanders; however, sperm motility was inversely related 
to PCB153 concentration in this population.

Cardiovascular effects: Conflicting results have been reported 
regarding the impact of prenatal Hg exposure on blood pressure, 
with 7-year-old Faroese children exhibiting elevated blood pressure 
and children from Nunavik showing no association between blood 
pressure and prenatal Hg exposure. However, elevated blood 
pressure was found to be associated with Hg exposure among 
adults from the Faroe Islands and Nunavik. Decreased heart rate 
variability was associated with cord blood Hg concentrations in 
Faroese children at ages 7 and 14 but not in 11-year-old children 
from Nunavik; however, contemporary blood Hg concentrations 
in these children from Nunavik were associated with decreased 
overall heart rate variability parameters. This was also the case for 
adults from Nunavik and for James Bay Cree adults. 
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Endocrine effects: Endocrine-disrupting chemicals can mimic, 
interfere or block the function of endogenous hormones and 
so cause adverse developmental, reproductive, neurological, 
cardiovascular, metabolic and immune effects in humans. 
Exposure during early stages of fetal and neonatal development 
is especially critical and can disrupt the normal pattern of 
development in later life. Higher prenatal PCB exposure was 
associated with lower serum concentrations of luteinizing 
hormone and testosterone in Faroese adolescent boys, while 
sex hormone-binding globulin was positively associated with 
both prenatal and concurrent PCB exposures. DDE was highly 
correlated with PCBs and showed slightly weaker associations 
with the hormone profile. These findings suggest that delayed 
puberty with low serum luteinizing hormone concentrations 
associated with development exposure to non-dioxin-like PCBs 
may be due to a central hypothalamo-pituitary mechanism

Exposure to several polyhalogenated compounds has been 
associated with modifications in thyroid hormone parameters 
in Inuit adults from Nunavik. An association between POPs 
levels and thyroid hormones has also been observed in aging 
residents in upper Hudson River communities. This influence 
of POPs on thyroid hormones in aging populations may have 
clinical significance and merits further investigation.

A potential influence of POPs on Type 2 diabetes pathogenesis 
has also been observed. An examination of septuagenarian 
Faroese with a high POPs exposure from the traditional diet 
but still free of Type 2 diabetes and pre-diabetes showed that 
the fasting insulin concentration decreased by about 8% 
for each doubling of the serum concentration of PCBs, and 
that a similar increase occurred in the fasting glucose level. 
Along with higher PCB exposures in persons with Type 2 
diabetes and impaired fasting glycemia, these results suggest 
that PCB-induced β-cell deficiency may be involved in the 
disease pathogenesis. Impaired insulin secretion appears to 
constitute an important part of the Type 2 diabetes pathogenesis 
associated with dietary exposure to lipophilic POPs. The study 
of Faroese septuagenarians also found that a vitamin D status of 
less than 50 nmol/L doubled the risk of newly diagnosed Type 
2 diabetes. Thus, vitamin D may provide protection against 
Type 2 diabetes in older persons.

Carcinogenic effects: During the latter half of the 20th century, 
cancer incidence increased substantially among all circumpolar 
Inuit in the Arctic region, especially for the lifestyle-associated 
lung, breast and colon cancers. Lung cancer now constitutes 
about 20% of all cancers in Inuit. Overall cancer rates now seem 
comparable to those of the United States, Canada and Denmark. 
The recent change in lifestyle and diet and thus environmental 
contaminant exposure of the Inuit might play a role in this. 

Effect modifiers: Different chemical substances can interact 
and induce similar effects in an additive, synergistic or non-
additive way and may target the same organ. Because most 
studies concern human exposure to single chemicals rather 
than chemical mixtures, negative confounding could cause 
underestimation of those chemicals causing toxicity (e.g. MeHg 
and PCBs in seafood) and those having benefits (e.g. long-chain 
n-3 PUFAs in seafood).
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5. Approaches to describe risks and future needs

Lead authors: Khaled Abass, Anders Carlsen, Arja Rautio 
Contributing authors: Päivi Myllynen, Pavel Čupr, Jennifer Gibson

5.1 Introduction

Previous AMAP assessments have reported that Arctic residents 
are exposed to many chemical pollutants that are emitted to 
the environment in countries south of the Arctic and then 
transported to the Arctic via air and ocean currents. Population 
exposure is primarily via the food chain, especially from seafood 
and marine mammals.

Studies on the precise impact of environmental pollutants 
on human health in the Arctic are difficult to undertake 
and interpret, because many factors influence health at the 
same time and to varying degrees. These include genetic and 
environmental factors. Environmental factors include the 
mixtures of chemical compounds to which individuals are 
commonly exposed (Humblet et al. 2013; Lam et al. 2014; 
Moltke et al. 2014). Understanding of the effects of mixtures 
is still at an early stage (Kortenkamp et al. 2007; Boobis et 
al. 2013). The incidence of many diseases in the Arctic has 
increased and it has been suggested that pollutants may have 
a contributory effect. This applies to many adverse effects on 
health, including cancer (see Chap. 4). 

This chapter reports on the issues associated with risk assessment 
of single chemicals, and presents suggestions for future studies 
as well as a summary of lessons learned during the health-
related parts of the EU-funded FP7 project ArcRisk (Arctic 

Health Risks: Impacts on health in the Arctic and Europe owing 
to climate-induced changes in contaminant cycling, 2009–2014; 
www.arcrisk.eu).

5.2  Blood levels and biological guideline 
values for contaminants

Measurements of pollutants in human blood in the Arctic 
region obtained since the previous AMAP assessment on human 
health in the Arctic (AMAP 2009), indicate that concentrations 
of several contaminants are continuing to decrease (Table 5.1).

Humans are exposed to toxic substances from different sources 
within the environment, and the most significant routes of 
exposure are ingestion, inhalation and dermal absorption. 
The risk assessment process, which incorporates hazard 
identification, exposure assessment, dose–response assessment 
and risk characterizations is usually used to quantify the 
probability of harmful effects on human health. The United 
States Environmental Protection Agency (US-EPA) addresses 
the first two components, hazard identification and exposure 
assessment, through the Integrated Risk Information System 
(IRIS) databases. This scientific evidence-based methodology 
is currently used for evaluating non-cancer hazard and 
cancer risk in environmental and occupational settings. The 
objective of exposure assessment is to estimate the average 

Table 5.1 Change over time in pollutant levels in human blood within the Arctic region. Data sources: AMAP (1998, 2003, 2009).

Contaminant Media, source Units 1996–2004 2004–2009 2009–2013

PCB153 Maternal blood, northern Norway µg/kg plasma lipid 52 (25–130) 24.8 (5.3–201) -

p,p’-DDT Maternal blood, Faroe Islands µg/kg plasma lipid 0.7 (0.1–139) 7.0 (0.1–110) -

p,p’-DDE Child’s blood, Faroe Islands µg/kg plasma lipid 613 (68–10265) - 180 (15–4414)

HCB Maternal blood, Alaska µg/kg plasma lipid 14 22 (2.4–188) 15.9 (2.7–98.8)

β-HCH Maternal blood, Iceland µg/kg plasma lipid 24 (10–71) 9.0 (2.5–20) 7.1 (3.0–28)

Oxychlordane Maternal blood, Iceland µg/kg plasma lipid 4.7 (1.3–22) 6.5 (1.3–22) 3.5 (1.3–8.9)

Toxaphene Parlar 50 Maternal blood, Nunavik, Canada µg/kg plasma lipid - 17 (<LOD–133) 9.1 (<LOD–63)

Mirex Child’s blood, Nunavik, Canada µg/kg plasma lipid 4.1 (1.1–72)a 2.3 (0.6–29)b -

Pb Maternal blood, Coastal Chukotka, Russia µg/L whole blood 37.5 (18.3–76.8) 29.6 (4.9–137) -

Hg Maternal blood, Disko Bay,  Greenland µg/L whole blood 6.3 (1.4–46.5) - 4.0 (1.0–10)

Cd Maternal blood, Alaska µg/L whole blood 0.57 0.44 0.20

PFOS Maternal blood, Alaska µg/L - 0.9 (0.2–27.6) 2.2 (<LOD–9.0)

PFOA Maternal blood (pooled), Sweden µg/L 2.56 1.88 1.67

PFHxS Maternal blood (pooled), Sweden µg/L 2.7 4.78 6.39

PBDEs (BDE47, 
BDE99, BDE100, 
BDE153, BDE209)

Breast milk, northern Finland µg/kg lipid - 2.53 (1.38–6.33) 1.57 (0.65–3.79)

Bisphenol A Maternal urine, Sweden µg/g creatinine - - 1.23 (0.34–7.85)

LOD: limit of detection. aage 5 years; bage 11 years.
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daily dose (ADD) and the lifetime average daily dose (LADD). 
With hazard identification the former is used to estimate the 
hazard quotient (HQ) for non-cancer effects and the latter 
to calculate excess lifetime cancer risk (CR). Traditional risk 
assessment considers each external source of contaminant 
uniquely with its own characteristics (Fjeld et al. 2007; US EPA 
2014). The concentration of the contaminant in blood generally 
provides the sum of exposure from various exposure routes. 
How accurate it is depends on the elimination half-life of the 
contaminants in blood and accumulation in tissues. Several 

reference values have been published by different organizations 
to evaluate the exposure limit (see Tables 5.2, 5.3 and 5.4). 

The health effects are most pronounced in sensitive groups like 
children, who are of special concern because many chemicals 
and metals are known to affect child development. There may 
be synergistic effects when more than one pollutant is present 
at the same time, and the composition of these pollutant 
mixtures varies from one region to another (Garçon et al. 
2004, 2007; Cui et al. 2005; Pillai and Gupta 2005; Nampoothiri 
and Gupta 2008; Pillai et al. 2009). In humans, co-exposure 

Table 5.2 Biological guideline values for contaminants in blood. 

Contaminant Media Comments Guideline value Source

Total PCBs Plasma lipids For pregnant women, women of childbearing age, breastfeeding women 0.7 µg/g ANSES 2010

Young girls and teenage girls

Children under age three

In boys over age three, adult men and women beyond childbearing age 1.8 µg/g ANSES 2010

Pb Blood Blood lead intervention level 100 µg/L CEOH 1994

Pregnant women intervention level 50 µg/L CDC 2010

Children (reference level) 50 µg/L CDC 2012

MeHg Blood Reference dose 5.8 µg/L Rice et al. 2003

Intervention level for children, pregnant women and women 
of childbearing age 

8 µg/L Legrand et al. 2010

Females (≥50 years) and males (>18 years) at increasing risk ≥20 µg/L Health Canada 1999

Females (≥50 years) and males (>18 years) at risk ≥100 µg/L Health Canada 1999

Table 5.3 Reference values for cadmium and mercury in blood or urine (HBM Commission 2003, 2005). Reference values are statistically derived values 
that indicate the upper margin of background exposure to a given pollutant in a given population at a given time. Reference values are derived from the 
analytical data provided within the framework of the German Environmental Surveys (Seifert et al. 2000).

Contaminant Media Comments Reference value

Cd Urine Children (6–12 years) 0.5 µg/L

Non-smoking adults (18–69 years) 0.8 µg/L 

Cd Blood Children (6–12 years) 0.5 µg/L

Non-smoking adults (18–69 years) 1.0 µg/L

Hg Urine Children (6–12 years) without amalgam filling 0.7 µg/L

Adults (18–69 years) without amalgam filling 1.0 µg/L

Hg Blood Children (6–12 years), fish consumption ≤3 times/month 1.5 µg/L

Adults (18–69 years), fish consumption ≤3 times/month 2.0 µg/L

Table 5.4 Human biomonitoring values for cadmium and mercury in blood and urine (HBM Commission 1997, 1999). Human biomonitoring values 
(HBM) are derived on the basis of toxicological and epidemiological studies.

Contaminant Media Comments HBM I HBM II

Cd Urine Adults ≤25 years 1.0 µg/g creatinine 3.0 µg/g creatinine

Adults >25 years 2.0 µg/g creatinine 5.0 µg/g creatinine

Hg Blood Children and adults 5 µg/L 15 µg/L

Hg Urine Children and adults 5µg/g creatinine, 7µg/L 20µg/g creatinine, 25µg/L

HBM I represents the concentration of a substance in humans below which there is no risk or adverse health effects and no need for action. HBM II 
represents the concentration of a substance in [add correct text from row above] above which there is an increased risk for adverse health effects and 
urgent need to reduce the exposure and to provide individual biomedical care (advice). This is considered as an intervention or action level.
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to mixtures of cadmium (Cd) and lead (Pb) has been linked 
to renal dysfunction in people living in the contaminated 
area (Cui et al. 2005). Exposure to Cd, as well as affecting 
renal Pb concentrations, also altered renal concentrations of 
essential elements, such as copper (Cu) and zinc (Zn). Chronic 
occupational exposure to Pb and Cd has been shown to alter 
a number of oxidative stress markers such as α-glutathione-
S-transferase, which is a useful biomarker for clinical renal 
disease (Garçon et al. 2004, 2007). For a few substances, a 
direct association has been documented between disease and 
exposure to a chemical in the Arctic, this is typically the case 
for chemicals that have been in use for a long time and are now 
banned or in the process of being banned. 

5.3  Mercury levels in the Arctic and 
in Europe 

One of the tasks in the ArcRisk project was to compare Hg levels 
measured in Arctic cohorts with those from the Mediterranean 
region, which belongs to the mercury belt area with Hg 
mines and where populations are exposed to low levels of Hg 
throughout their lifespan. The levels of Hg in people from Arctic 
Canada vary and have decreased since 1992 (see Chap. 3). 
However, there is very large inter-individual variation in Hg 
level in most of the cohort studies. Among the study groups 
in the ArcRisk project, participants in the Greek part of the 
PHIME project (Public Health Impact of long-term, low-level 
Mixed element Exposure in susceptible population strata, an 
EU-funded project) had higher blood Hg levels than those 
in the cohort in Slovenia. The PHIME cohorts were used to 
compare with the ArcRisk cohorts. The main reason for the 
difference between Hg levels in the Mediterranean and the 
central European regions is probably linked to the consumption 
of locally caught fish (Jenssen et al. 2012; Miklavčič et al. 2014; 
Veyhe et al. 2015). For example, fish consumption in Greece is 
mostly based on locally caught fish, while in Slovenia the fish 
are mostly from the fish market which is supplied by fish farms 
(Miklavčič et al. 2013; Zagar et al. 2014). 

Blood Hg levels in pregnant women from Nunavik (see 
Chap. 3) were previously several-fold higher than those in 
the ArcRisk cohorts (see Brantsæter and Knutsen 2013), but 
have since declined to the same range as in the Norwegian 
high-fish consumers in the Norwegian Fish and Game Study 
and in Greece in the most recent samples. In the Russian study 
groups, Hg levels in adult males and females were in the same 
range but somewhat higher than in the high-fish consumers 
of the Norwegian Fish and Game study. However, Hg levels 
in pregnant women in all studied cohorts are falling, and at 
present are in the same range as maternal blood samples from 
Italy, Croatia, Arctic Norway, and Greece. The same values as in 
Arctic Norway were also reported in people from the Spanish 
islands (Menorca and Ribera d’Erbe), where predominantly 
local fish are consumed. Living in inland or coastal settlements 
in Norway also affected Hg levels in blood, being higher in 
coastal populations (Jenssen et al. 2012).

Within the framework of the European Union (EU), various 
projects have focused on the potential toxicity at low exposure 
levels of environmental contaminants to child development 
(e.g. ENRIECO, Environmental Health Risks in European Birth 

Cohorts; OBELIX, OBesogenic Endocrine disrupting chemicals: 
LInking prenatal eXposure to the development of obesity later in 
life; CLEAR, Climate change, Environmental contaminants and 
Reproductive health; INUENDO Biopersistent organochlorines 
in diet and human fertility. Epidemiological studies of time-
of-pregnancy and semen quality in Inuit and European 
populations; ArcRisk; and PHIME), and several Arctic cohorts 
have formed part of this research focus.

5.4  Health outcomes and mercury 
exposure 

Humans in Europe and in the Arctic are exposed to Hg mainly 
through fish consumption. Other sources, such as elemental 
Hg in air and inorganic Hg in food items are minor sources 
of exposure. Consequently, the highest exposure levels to 
methylmercury (MeHg) in Europe are found in coastal 
populations that consume more fish, particularly locally caught 
fish than people living inland. Mercury levels in fish vary greatly 
according to species and origin (Miklavčič et al. 2011a,b, 2013; 
Jenssen et al. 2012; Leino et al. 2013). Farmed fish generally 
contain less Hg than free-ranging fish from the open ocean. The 
highest values have been reported for wild fish catches in the 
Mediterranean region (Minganti et al. 2010; Pawlas et al. 2013; 
Akerblom et al. 2014; González-Estecha et al. 2014). 

Neurodevelopment among children in the Mediterranean 
coastal regions of Italy, Slovenia, Croatia and Greece was 
investigated in the PHIME project. The study results 
showed that exposure to Hg was low in these Mediterranean 
populations and that the Hg levels measured did not 
significantly affect neurodevelopment by the age of 18 
months. Exposure to the highest quartile of Hg levels during 
pregnancy did not cause lower performance in testing for 
cognitive, language or motor neurodevelopment (Valent et 
al. 2013). Instead, higher fish consumption in pregnancy was 
associated with higher cognitive and language (but not motor) 
neurodevelopmental performance at the age of 18 months 
(Bilić Čace et al. 2011; Miklavčič et al. 2011a, 2013; Valent 
et al. 2011; Visnjevec et al. 2014). The mean Hg levels in the 
ArcRisk study groups were in the same range (<100 µg/L) 
but there was high variation in measured Hg concentrations 
between individuals in all cohorts. 

5.5 Levels of organohalogens and PCBs 

The Tromsø study was established in 1979 and the same males 
were followed for almost 30 years. Blood levels of the persistent 
organic pollutants (POPs) analyzed declined over the follow-up 
period, although median concentrations of some compounds 
peaked in 1986 (e.g. PCB170, PCB180 and PCB194, see Chap. 3). 
Peak PCB153 concentrations were measured in 1979 and 1986, 
confirming this period as the years of highest human exposure 
(Nøst et al. 2013). However, in Russian indigenous peoples, there 
were no changes in geometric mean serum concentration of 
polychlorinated biphenyls (PCBs) in children and adults over 
the 10-year period (see Chap. 3).

Concentration levels and enantiomeric fractions for 
α-hexachlorocyclohexane (α-HCH) and trans-, cis-, and 

101Chapter 5 · Approaches to describe risks and future needs



oxychlordane in selected Greenlandic traditional food items 
(raw and smoked salmon and halibut, whale meat, seal meat 
and narwhal mattak – skin and blubber), collected at the local 
market in Nuuk in 2010 were below the tolerable daily intake 
(TDI) threshold (Carlsson et al. 2014a,b). Furthermore, daily 
exposure to PCBs, polybrominated diphenylethers (PBDEs), 
and perfluorinated alkylated substances (PFAS) from traditional 
Greenlandic seafood items was below the TDI for all compounds. 
Excluding local food items such as intestines and blubber from the 
diet has a strong positive effect on reduction of POPs levels in food 
while maintaining the health benefits of traditional food intake. 

The median levels of PCB153 in serum were not statistically 
different between the ArcRisk cohorts. The highest levels 
were found among adults in the Norwegian Fish and Game 
Study (the oldest group in the study, median age 55 years; 
Jenssen et al. 2012). Lower levels were found in the Spanish 
INMA study groups (Valencia) and in the Norwegian MISA 
(Tromsø) study. (INMA is a research network for Spanish 
children’s health in relation to environmental pollutants.) 
This may reflect differences in cumulative exposure and 
dietary patterns among birth cohorts, consistent with the 
associations between PCB153 and age or birth cohort that 
have been reported based on cross-sectional studies (Rylander 
et al. 1997; Bjerregaard et al. 2001; Perry et al. 2005; Wolff et al. 
2005, 2007; Hardell et al. 2010).

In comparison with other European studies, the Mediterranean 
populations exhibit higher median concentrations of 
hexachlorobenzene (HCB), β-hexachlorocyclohexane (β-HCH), 
and DDT with its metabolites (Vizcaino et al. 2014). In contrast, 
PCB concentrations are lower in Mediterranean populations 
than in other European populations. For instance, studies in 
Slovakia and the Czech Republic show much higher PCB levels 
in their inhabitants than in the Mediterranean populations 
(Mikes et al. 2012). These specific pollution cases have been 
attributed to the presence of a PCB factory in Slovakia and to 
intensive industrial activity, particularly in the chemical sector, 
in the former Czechoslovakia (Holoubek et al. 2001).

5.6  Health outcomes and 
organohalogens 

Several health effects have been identified in the ArcRisk project 
(see Grimalt et al. 2012; Odland et al. 2012). The results from 
the ArcRisk Arctic cohorts are discussed in Chap. 4, only the 
Mediterranean results are discussed in this section. Analysis 
of POPs in a large number of individuals is required to assess 
the possible health effects of long-term exposure to low 
concentrations of these compounds.

Fetuses and newborns are most sensitive to POPs because their 
organs and metabolic functions are still under development. 
In the Mediterranean cohorts, several adverse health effects 
have been related to exposure to organohalogens. For example, 
low birth size, low birth weight, low birth head circumference, 
poor social behavior, increased incidence of attention-deficit 
hyperactivity disorder (ADHD), decreased cognitive skills, 
overweight, and alterations of porphyrin, thyroid and liver 
metabolism (Table 5.5). 

The health end points listed in Table 5.5 are the results of several 
studies conducted in different cohorts. The associations between 
prenatal exposure to a particular contaminant and children’s 
social behavior or health outcomes should be considered when 
evaluating potential neurotoxicological effects.

5.7  Contaminants and placental 
transport 

To reach the fetal circulation, contaminants must cross the 
placenta, the main interface between mother and fetus. Based 
on analyses of cord blood, it is known that the fetus is exposed 
to environmental contaminants present in the maternal 
circulation. The important properties determining placental 
transfer by passive diffusion are molecular weight, pKa (the pH 
at which a weak organic acid is 50% ionized), lipid solubility and 
protein binding. The placenta also expresses a large variety of 

Table 5.5 Health outcomes in children related to exposure to organohalogens in utero and/or in early age in the ArcRisk Mediterranean cohorts.

Compound Exposure  Health end point Source

HCB In utero Small length for gestational age Ribas-Fitó et al. 2002

Poor social behavior at 4 years Ribas-Fitó et al. 2007

ADHD at 4 years

Overweight at 6 years Smink et al. 2008

DDE In utero Prematurity Ribas-Fitó et al. 2002

Delay in mental and psychomotor development at 1 year Ribas-Fitó et al. 2003

Increase in urinary coproporphyrins Sunyer et al. 2008

Asthma at 4 and 6 years Sunyer et al. 2005, 2006

DDT In utero Decrease of cognitive skills at 4 years Ribas-Fitó et al. 2006; Morales et al. 2008

4 years Alteration of thyroid hormones Álvarez-Pedrerol et al. 2008a

β-HCH In utero Alteration of thyroid hormones Álvarez-Pedrerol et al. 2008b; Lopez-Espinosa et al. 2010

4 years Alteration of thyroid hormones Álvarez-Pedrerol et al. 2008a

PCBs 4 years Alteration of thyroid hormones Álvarez-Pedrerol et al. 2008b

PBDEs 4 years ADHD, Poor social behavior Gascon et al. 2011
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transporter proteins which modify placental transfer processes 
(Vähäkangas and Myllynen 2009). 

In addition to their physiological substrates, transporter 
proteins may also transfer foreign compounds such as 
therapeutic agents, environmental pollutants and chemical 
carcinogens bearing structural resemblance to their 
physiological substrates. Depending on the localization and 
function of transporter proteins they may either increase 
or decrease fetal exposure to foreign compounds. ABCG2 
(BCRP), a transporter protein highly expressed in the human 
placenta relative to any other organ, has been shown to 
protect the fetus from exposure to some toxicants. ABCC2 
(MRP2) is likely to be important for preventing the passage 
of conjugated metabolites of toxicants while ABCC1 (MRP1) 
is proposed to prevent or limit the entry of organic anions 
into the fetal circulation. 

There is evidence of placental transfer for POPs. The distribution 
of contaminants between maternal blood, cord blood and 
placenta are usually related. If compounds are metabolized in 
the fetus or placenta, metabolites may accumulate and cause 
toxic effects, and fetal and maternal serum levels may differ 
(Vizcaino et al. 2014). A strong correlation has been observed 
between concentrations in the maternal and fetal compartments 
for perfluorooctane sulfonate (PFOS), perfluorooctanoic acid 
(PFOA), PCB153, HCB, PCB180, and p,p’-DDE (Jaraczewska 
et al. 2006; Porpora et al. 2013). Thus, even if the placenta 
cannot prevent the transfer of foreign chemicals into the fetal 
circulation, it can at least modify their transfer and toxicity. The 
function of transporter proteins may cause person-to-person 
variation in fetal exposure to environmental contaminants, 
which may affect individual risk for adverse events after 
exposure to harmful compounds. 

A significant number of protein carriers have been identified 
in the placenta and it has been suggested that they may play 
a role in the uptake and/or efflux of MeHg complexes (Leslie 
et al. 2005). The role of polymorphisms of ABC transporters 
as modifiers of prenatal exposure to MeHg has been 
studied (Llop et al. 2014). The study population comprised 
participants (n=1651) in two birth cohorts, one in Italy and 

Greece (PHIME) and the other in Spain (INMA). Total Hg 
concentrations were measured in cord blood samples while 
maternal fish intake during pregnancy was determined from 
questionnaires. Polymorphisms (n=5) in the ABC genes 
ABCA1, ABCB1, ABCC1 and ABCC2 were analyzed in both 
cohorts. The findings showed the role of ABC transporters in 
MeHg accumulation during early development. 

Cadmium may modulate fetal exposure to other harmful 
compounds transported by ABCG2, one of the main efflux 
transporters in human placenta, by inhibiting its activity (Leslie 
et al. 2005). The metal salts methylmercury chloride (MeHgCl)
and lead chloride (PbCl2) were not found to affect mRNA or 
protein expression of ABCG2, cadmium chloride (CdCl2) 
inhibited its function. Further studies are needed to clarify 
whether this leads to elevated placental transfer of ABCG2 
substrates (Kummu et al. 2012).

5.8 Modelling

5.8.1 Toxicokinetic modelling of PCB153

Toxicokinetic modelling is increasingly employed to reconstruct 
past contaminant exposure and to relate exposure and body 
concentrations. Although systematic monitoring has usually 
been conducted for a relatively short period compared to the 
entire contamination history, it is possible to extrapolate body 
burden and exposure to the whole lifespan of the population 
under certain assumptions. These concern toxicokinetic model 
structure, weight, intake proportionality factor, total mass of 
the body adipose tissue, net gastrointestinal absorption, and 
elimination half-life of the contaminant in the human body. 
PCB153 is among the most prevalent of the PCB congeners found 
in human populations and so has been one of the most studied. 
Concentrations of PCB153 in pregnant Inuit women living in 
Nunavik (Quebec, Canada), Disko Bay (Greenland), and Nuuk 
(Greenland) are clearly declining in all three regions (Fig. 5.1). 
Inuit born in the 1960s and 1970s have a higher lifetime exposure 
(Fig. 5.2) than those born either earlier or later. 
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Figure 5.1 Trends in PCB153 
concentration (geometric mean 
and range) in plasma lipids among 
pregnant Inuit women living 
in Nunavik (Quebec, Canada), 
Disko Bay (Greenland), and Nuuk 
(Greenland) during the years 1992 
to 2007 (Abass et al. 2013).
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In summary, the known disposition of PCBs in the human 
body combined with population toxicokinetic modelling makes 
extrapolation possible to an acceptable accuracy. Birth during 
the 1960s and 1970s has led to high lifelong exposure, and body 
burdens remain elevated. Although lifelong exposure is lower 
for generations born after the 1960s, contamination during 
early childhood and possibly during the fetal period has been 
extremely high due to the high contamination levels of mothers 
leading to large exposure of the fetus during pregnancy and 
from contaminated milk during breastfeeding. Currently, the 
health risk of PCB153 in Arctic populations is estimated by 
using a toxicological cut-off point in lipids, that is, a benchmark 
dose level (BMDL) of 300 µg/kg plasma lipid, at which it is 
considered to pose no appreciable risk or minimal risk to 
human health (see VKM 2008).

5.8.2 CoZMoMAN model

Studies on the health effects of PCBs require an understanding 
of past and present human exposure. Time-resolved models 
may supplement information on concentrations in individuals 
obtained from measurements and/or statistical approaches, if 
they can be shown to reproduce empirical data (Breivik et al. 
2010; Nøst et al. 2013). The CoZMoMAN model was used 
in person-specific predictions of life course concentrations 
of PCBs in individual Norwegians (Nøst et al. 2013). The 
CoZMoMAN model was evaluated by reproducing measured 
time-variant concentrations of PCBs in environmental 
compartments, local food items, and human breast milk. 
Person-specific predictions of contaminant levels were also 
made using statistical models that linearly regressed PCB 
concentrations against dietary and lifestyle variables (Nøst 
et al. 2013). The rank correlation between measurements and 
predictions from both the CoZMoMAN model and regression 
analyses was strong (Spearman’s r >0.67). Simulations indicated 
large inter-individual differences in concentrations experienced 
in the past. Agreement between measurements and predictions 
of concentrations, subject ranking and quartile assignment was 
good. Contamination histories for individuals predicted by the 
CoZMoMAN model revealed variation between study subjects, 

particularly in the timing of peak concentrations. Realistic a 
priori assessments of PCB exposure by mechanistic models 
provide individual PCB exposure metrics that could serve 
as valuable supplements to measurements. The time-variant 
model CoZMoMAN has been useful in estimating prenatal, 
postnatal and childhood exposure to PCB153 under scenarios 
of hypothetical and realistic maternal fish consumption 
(Binnington et al. 2014).

5.9 Literature review 

5.9.1 Health outcomes – critical reviews

Reviews and meta-analyses of original scientific articles are needed 
to evaluate potential health effects and their magnitude. Literature 
reviews conducted during the ArcRisk project aimed to establish 
whether there are correlations between exposure to contaminants 
and detected health outcomes (Govarts et al. 2012; Nieminen 
et al. 2013a,b). Combining the published data was challenging: 
particularly concerning the use of different measurement scales 
of explanatory variables across studies and the lack of necessary 
information in the study reports. The publications included 
findings generated by multivariable analysis, for example, multiple 
regression, discriminate analysis, factor analysis and structural 
equation models. The presentation of the findings should not rely 
only on the coefficients of the estimated models. 

Reporting on model results requires ancillary information such 
as tables that describe the basic data, to enable the results to be 
more understandable and more widely useful. Complexity and 
diversity across studies with regard to the selection of variables and 
reporting practices has made it difficult to combine and compare 
original studies. Studies should focus more on the reporting of 
descriptive statistics. Among other things, the distributions of 
response variables and explanatory variables are needed when 
summarizing and meta-analyzing the magnitude of effects. This is a 
prerequisite for other researchers to utilize the results in their work. 

A new method, the synthesis of regression coefficients, was 
developed during the ArcRisk project to combine findings 

Figure 5.2 Extrapolated concentrations of PCB153 in pooled plasma lipids among pregnant Inuit women living in Nunavik (Quebec, Canada), Disko 
Bay (Greenland), and Nuuk (Greenland) (Abass et al. 2013).
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across different published studies with different statistical 
content. This method helps in identifying significant findings 
from combined cohorts with identical variables (Nieminen 
et al. 2013b). In ArcRisk, critical reviews were prepared based 
on original articles describing studies on PCBs (as a total sum 
of PCBs, a sum of more than six congeners, or PCB153) and 
DDT and related compounds (DDTs) in relation to weight 
and sex ratio at birth. These critical reviews (Govarts et al. 
2012; Nieminen et al. 2013a,b) showed the following: a weak 
correlation between birth weight and exposure to PCBs; no 
correlation between birth weight and exposure to DDTs; and 
no correlation between the sex ratio of newborns and exposure 
to PCBs. The results are supported by data collected from 27 
circumpolar jurisdictions of the eight Arctic countries which 
showed that the contaminants present do not disrupt endocrine 
systems to the extent that sex ratios are affected (Bjerregaard 
et al. 2012). Findings from Arctic cohort studies have reported  
links between exposure to contaminants and human health 
outcomes (Table 5.6).

5.9.2 Problems identified in meta-analyses

In a systematic review of the association between PCB exposure 
levels and secondary sex ratio (Nieminen et al. 2013a), special 
attention was paid to methodological information and 
differences in study design, choice of study subjects, planning 
of measurements and presentation of findings. Meta-analysis 
were performed with the goal to estimate a pooled summary 
of the proportion of boys in the highly exposed families and 
internal exposure-outcome comparisons across studies. This 
identified several limitations (Nieminen et al. 2013a): 

 • the small number of  publications with relevant 
epidemiological data for Arctic populations

 • findings of epidemiological studies are analyzed and 
reported in many different ways

 • results across repeated studies of the same phenomena 
are rarely identical (for reasons such as size of the study, 
differences in analytical methods, and genetic differences 
between study populations)

 • although the principal aim of the epidemiological studies is 
identical, for example to measure the relationship between 
PCB exposure levels and health outcomes, different studies 
use different statistical methods

 • the quality of reporting varies: detailed descriptive statistics 
of the variables under study are not given in all articles, 
and standard error for regression coefficients or the mean 
differences may not be available. 

The observation of Taylor et al. (2013) confirmed this view. 
They studied POPs (organochlorine, organofluorine, and 
organobromine compounds) and health outcomes related 
to Type 1 and Type 2 diabetes, and childhood obesity with 
Type 2 diabetes. Only 43 studies were eligible in their meta-
analysis out of 2752 publications. Collectively, the data used 
were not considered sufficient to establish causality and there 
was too much variation across studies to permit a detailed 
meta- or pooled analysis. Another recent article described 
similar problems when trying to pursue association between 
environmental contaminants and health effects in indigenous 
populations in the Arctic. Singh and coworkers (2014) tried 
to combine data from Arctic populations and various health 
outcomes. Difficulties in drawing conclusions included the small 
number of studies, studies restricted to a small number of regions, 
and mixed results. They recommended further studies on the 
association between environmental contaminants and health 
with a wider geographical coverage. Within the framework of 
the EU projects ENRIECO and OBELIX, the effects of PCBs 
and DDE on birth weight were studied (Govarts et al. 2012). This 
covered maternal and cord blood and breast milk samples of 
7990 women enrolled in 15 study populations from 1990 through 
2008. Using identical variable definitions, Govarts et al. (2012) 

Table 5.6 Health outcomes reported in published Arctic cohort studies associated with exposure to contaminants.

Cohort Health endpoint Findings Source

Nunavik and Greenland Blood pressure Risk age and congener dependent Valera et al. 2013a,c

Arctic Québec Gestation Reduce gestation duration Dallaire et al. 2013

Greenland ER, AR, Ah-receptor functions The serum POPs have hormone disruptive potentials Krüger et al. 2012

Arctic Québec Neurophysiological 
functions in children

Absence of clear evidence of adverse effects of PCB 
exposure on child behavior

Postnatal PCB exposure appears to affect processes 
associated with error monitoring

Prenatal PCB exposure appears to affect information 
processing at later stages

Boucher et al. 2010, 2012a,b

Norway Reproductive effects in men A strong relationship between PCB153 and the sex 
hormone binding globulin

Haugen et al. 2011

Faroe Islands Effects on immune system Serum PCB concentrations at 7 years of age were 
positively associated with total IgE concentrations

Grandjean et al. 2010

Greenland DNA methylation Global methylation levels were inversely associated with 
blood plasma levels for several POPs and merit further 
investigation

Rusiecki et al. 2008

Greenland Parkinson’s disease The concentrations of PCBs did not differ between the 
Parkinson’s disease cases and controls

Koldkjaer et al. 2004

Québec, Canada Placental toxicity Organochlorine exposure was positively associated with 
ethoxyresorufin-O-deethylase activity and DNA adducts 
levels when stratifying for smoking

Lagueux et al. 1999
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performed a linear regression of birth weight on estimates of 
cord serum concentration of PCB153 and p,p´-DDE adjusted for 
gestational age and a priori selected covariates for each cohort. 
The meta-analysis including all cohorts indicated a birth weight 
decline of 150 g per 1 μg/L increase in PCB153, and DDE was 
associated with a 7 g decrease in birth weight (Govarts et al. 2012). 
The findings suggest that low-level exposure to PCB impairs fetal 
growth, but that exposure to DDE does not. 

5.10  Toxicokinetic modelling and future 
risk prediction

There are several research-based methodologies on how 
environmental contaminants affect biological processes in 
humans and the implications for human health risk assessment. 
Risk assessment of environmental pollutants is an essential tool 
in protecting public health. This process requires data from 
different sources and methodology. For example, from in vivo 
toxicology, in vitro toxicology, mathematical modeling and 
quantitative methods, risk characterization of chemicals in food 
and diet, epidemiology, and the use of toxicogenomics. These 
may all form part of the multi-faceted framework of evidence-
based toxicology leading to a well-documented overall risk 
assessment process (Fjeld et al. 2007; US EPA 2014). The main 
challenge in traditional risk assessment is how to link external 
and internal doses. To circumvent this problem, quantitative 
risk estimation is based on reverse dosimetry of average daily 
dose and life-long average daily dose by toxicokinetic modelling 
of the contaminant blood concentration trends. The data could 
be from external contamination sources or from concentrations 
measured in blood, and the normative methods to quantify the 
associated risk could be via relative comparisons or quantitative 
risk estimates. Relative comparison of blood concentrations is 
a way of comparing data from different biomonitoring studies 
on a scale for risk assesment. However, in many cases the scale 
is nonlinear when estimating human health risk. Quantitative 
risk estmates are a way of estimating hazard quotient (HQ) 
for non-cancer effects and the excess lifetime cancer risk (CR) 
from exposure to a particular contaminant.

A modified approch based on the traditional risk assessment 
process has been introduced for quantitative risk estmates 

(Abass et al. 2013). This comprises three stages: extrapolation 
of exposure by pharmacokinetic modelling; incorporation of 
the reference dose and cancer slope factor; and estimation 
of HQ and life-time cancer risk. The only deviation from the 
traditional exposure assessment procedure is that the average 
daily and average life-time doses are calculated based on 
the extrapolation of contaminant concentrations in blood 
by toxicokinetic modellling. In this model, the total dose 
is a sum of all exposure pathways: inhalation, ingestion, or 
dermal absorption, and these are all reflected in the total 
blood concentration of a chemical. Metabolism, excretion, 
and accumulation in tissues other than blood complicate the 
issue, that is, accumulation of organochlorines in fatty tissue, 
accumulation of Cd in liver and kidney and accumulation of 
Pb in bone. Thus it is important to know the toxicokinetics of 
the individual contaminants to get an accurate estimate. 

To assess potential PCB153-associated human health effects and 
risks, it is necessary to model past exposure. Blood concentrations 
of PCB153 obtained from the AMAP biomonitoring program 
for Inuit women in the years 1994–2006 at Disko Bay 
(Greenland), 1999–2005 at Nuuk (Greenland), and 1992–
2007 at Nunavik (Québec, Canada) were used to extrapolate 
body burden and exposure through the whole lifespan of the 
population using the one-compartment toxicokinetic model. 
By using risk characterization modelling, calculated HQs were 
higher than 1 between 1955 and 1987 for the 90th population 
percentile and during 1956 to 1984 for the 50th population 
percentile. HQ values provide a basis for estimating potential 
non-cancer adverse effects (US-EPA). It should be stressed 
that HQ is analogous to a margin of exposure concept, which 
could be used to estimate the potential of PCB153 to cause 
harmful effects. The HQ cannot be assumed to a probability 
that harmful health effects will occur and it is unlikely to be 
proportional to risk. Cancer risk was estimated based on an oral 
cancer slope factor (CSF) provided by US-EPA-IRIS for PCBs. 
The probability of carcinogenic effects was calculated with two 
CSFs. Probability of carcinogenic effect was determined by 
multiplying CSF and lifetime average daily dose of PCB153. 
Cancer risk (Fig. 5.3) for overall exposure to PCB153 ranged 
from 4.6×10-5 to 1.8×10-6 for the 90th percentile and 3.6×10-5 to 
1.4×10-7 for the 50th percentile between 1930 and 2049, when 
central estimates or upper-bound CSFs were applied. Cancer 
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Figure 5.3 Cancer risk probability 
estimates for the high and low 
cancer slope factors (CSFs) for 
the 90th and 50th percentiles of 
the birth cohorts for pregnant 
Inuit women living in Disko Bay 
(Greenland), Nuuk (Greenland), 
and Nunavik (Québec, Canada). 
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of birth of the cohort (Abass 
et al. 2013).
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risk was below 1×10-6 for the same period when a lower CSF was 
applied. Significant future research requirements to improve 
health risk characterization include larger sample sizes, better 
analytical accuracy, fewer assumptions in exposure assessment 
and, consequently a better choice of the toxicity benchmark 
used to develop the HQ. 

The Abass et al. (2013) study relied on the dose-response values 
(reference dose and cancer slope factor) established by the 
USEPA-IRIS. Non-cancer hazard and cancer risk estimation are 
widely accepted and commonly used in the field of chemical risk 
assessment. The next step should include the incorporation of 
dietary information as well as potential residential and personal 
exposure trends. Studies should also examine cumulative risk 
assessment for PCBs and other contaminants measured in 
human blood. The answers to the important questions – what is 
the total contaminant burden people acquire over their lifespan 
and what are the long-term health effects – require more 
multidisciplinary research and the toxicokinetic modelling 
approaches presented above for PCB153 could be one means 
for estimating human health risk.

5.11  Toxicokinetic modelling and total 
risk estimation

Within the ArcRisk project, Čupr et al. (2011) presented 
an approach to estimate the total risk of POPs. Human 
biomonitoring of the concentration of POPs in breast milk 
in the Czech Republic has been carried out since 1994 by the 
National Institute of Public Health with the main aim being to 
evaluate long-term trends in selected POPs. Bioaccumulation 
of the lipid-soluble POPs leads to high levels in breast milk; so 
a new method was developed for the risk assessment of POPs 
for women (breastfeeding women). The method depends on the 
backward model for life-long POPs exposure of breastfeeding 
women only (Fig. 5.4). The human body is considered as a 
flux-through system. 

This toxicokinetic model (PBPK model) used backward 
computation of chronic daily intake (CDI) POPs from human 

milk based on the model for organic compound accumulation 
in breastfeeding women (Čupr et al. 2011). The main backward-
model results are the maternal dietary intake (i.e. CDI). Phase 
equilibrium is assumed within the body. The compound is 
eliminated from the body by excretion and metabolism (‘outflux’ 
in Fig. 5.4). In this case, human health risk from chronic daily 
intake was predicted using the reference dose approach.

The total human health risk of selected POPs in the form of a 
hazard index (HI) was calculated as the sum of individual HQs 
for selected POPs (according to the availability of reference dose 
values). The total risk (HI) shows that the main risk-posing 
group continues to be the PCBs (Fig. 5.5; Václavíková et al. 
2014). Based on the total risk estimation approach, Václavíková 
et al. (2014) concluded as follows: the new method presented 
for human health risk assessment of breastfeeding women 
is a useful tool when data from long-term biomonitoring 
epidemiologic studies are available; biomonitoring of breast 
milk is useful in evaluating internal exposure of humans to 
different chemical substances; and estimated total intake can 
be compared with changes in ‘food baskets’ to predict the 
prevailing sources of exposure from different food types.

5.12  The incorporation of in vitro 
mechanistic studies in human 
health risk assessment 

The aim of in vitro characterization is to produce relevant 
information on metabolism and interactions in order to anticipate 
and ultimately predict what could happen in vivo in humans. 
Numerous in vitro models are available and each model has 
advantages and disadvantages. To understand some of the factors 
related to environmental contaminant metabolism, there are 
several important points to consider. For example, the metabolic 
stability of the compound, reactive metabolites, variation between 
mammalian species, human cytochrome P450 enzymes (CYPs) 
and their isoforms involved in the activation or detoxification of 
the environmental contaminants, variation between individuals, 
individuals and subpopulations at increased risk, and the overall 
process of human risk assessment.

Examples of the incorporation of in vitro biotransformation 
studies into human health risk assessment were published by 
Abass et al. (2014a,b). In vitro metabolism of the pesticide 
benfuracarb was studied in liver microsomes from seven 
mammalian species in order to develop quantitative species-
specific metabolic profiles and to enhance benfuracarb risk 
assessment by interspecies comparisons (Abass et al. 2014a). 
Using LC-MS/MS, a total of seven phase-I metabolites were 
detected from the extracted chromatograms and six were 
unequivocally identified. Benfuracarb was metabolized via 
two pathways, the sulfur oxidation pathway and nitrogen sulfur 
bond cleavage, yielding the highly toxic pesticide carbofuran, 
which is further metabolized. Analysis of the metabolic profiles 
showed that benfuracarb was extensively metabolized with 
roughly similar profiles in different mammalian species in vitro. 
The highest inter-species differences in hepatic clearance rates 
were for mouse and rat liver microsomes compared to human 
(4.8- and 4.1-fold higher), as illustrated by in vivo hepatic 
clearance of carbofuran. Overall, there are quantitative inter-

Maternal diet (CDI) Breast milk
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Mother
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Figure 5.4 Schematic illustration of the PBPK model which uses backward 
computation of chronic daily intake (CDI) for estimating the health risk 
of persistent organic pollutants in breastfeeding women (Čupr et al. 2011).
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species differences in the metabolic profiles and kinetics of 
benfuracarb biotransformation. 

Human responses to the toxicological effects of chemicals are 
often complicated by a substantial inter-individual variability in 
toxicokinetics, of which metabolism is often the most important 
factor. Human variation and the contributions of human-CYP 
isoforms to in vitro metabolism of benfuracarb were therefore 
investigated (Abass et al. 2014b). The Kinetic parameters (Km, 
Vmax and intrinsic clearance Clint) for carbofuran production 
in hepatic samples from ten individuals varied 7.3-, 3.4-, and 
5.4-fold, respectively. Carbofuran formation represents 79–98% 
of the total metabolism of the parent compound, benfuracarb. 

Several approaches have confirmed that human CYP3A4 is 
the major enzyme involved in benfuracarb activation and that 
CYP3A4-catalyzed metabolism is the primary source of inter-
individual differences (Abass et al. 2014b). 

For risk assessment, the quantitative in vitro chemical-specific 
data can then be scaled to determine the in vivo hepatic clearance. 
In the scale-up process, it is essential to determine scaling factors, 
such as the amount of microsomal protein per gram of liver, 
liver blood flow (L/min), and the size of the liver. This approach 
(Fig. 5.6) is used to extrapolate in vitro metabolic data to the in 
vivo situation and to translate inter-species and inter-individual 
in vivo hepatic clearances into risk assessment of chemicals. 
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Figure 5.5 Contribution of selected 
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Figure 5.6 The subdivision of the 100-fold default uncertainty factor and the integration of in vitro data into human health risk assessment (Abass 2013).
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5.13 Conclusions and recommendations

Although the environmental levels of legacy POPs are generally 
declining in the Arctic and Europe, concentrations of some 
(such as PCBs) have remained relatively stable in indigenous 
adults and children in Russia. This is because revolatilization 
from soils is now the main source, and this balances the overall 
decrease in primary emissions. Environmental levels of some 
organohalogen compounds, such as PBDEs, are even increasing. 
Current and future trends in contaminant concentrations may 
vary in different geographical areas of the Arctic and Europe 
(new hot spots may develop) and in different populations 
(especially indigenous populations). Extreme weather events 
associated with global climate change, such as tsunamis and 
flooding, might also affect food and water security, possibly 
increasing the incidence of contaminated food items.

The impact of climate change on future human exposure 
to POPs will largely depend on the amount and type of fish 
consumed (wild or farmed fish) and other seafood (Fig. 5.7). 
At present, it is not possible to draw final conclusions 
about future trends in exposure or the related trends in 
human health. 

In relation to dietary exposure to Hg in the Arctic and Europe, 
ArcRisk concluded as follows:

 • Humans in the Arctic are exposed to Hg mainly through 
fish consumption. Other sources such as elemental Hg in 
air and inorganic Hg in food are minor sources of exposure. 

 • Mercury levels in fish can vary greatly depending on the 
species and its origin; wild-caught fish generally have higher 
Hg levels than farmed fish. The highest Hg concentrations 
have been reported in wild fish from the Mediterranean and 
marine mammals in the Canadian Arctic. 

 • Current exposure assessments in Europe are based on 
information on the frequency of fish consumption and Hg 
concentrations measured in biomonitoring studies. Data 

quality and quantity are still insufficient, resulting in 
uncertainties in exposure assessments across Europe and 
the Arctic region.

 • Further studies are needed to confirm whether the currently 
low levels of Hg exposure represent a health risk to Arctic and 
European populations, taking into consideration exposure 
to various Hg compounds and mixtures of stressors with 
similar end-points. 

 • Recent studies have indicated the importance of 
susceptibility to MeHg exposure, and this should be the 
focus of future studies. 

 • Research is required concerning the causes for the high 
inter-individual variations, other important sources of Hg 
exposure, and biological mechanisms behind MeHg.

Vulnerable subgroups exist owing to genetic background, 
exposure history, and age, among others. Although there are 
currently few data with which to draw conclusions about the 
implications of such vulnerabilities, it is already clear that the 
fetal stage is the most sensitive during human life and so fetal 
exposure deserves special attention. According to lifestyle 
factors, there are possibly more significant exposure scenarios 
than the oral route, but these are not considered in conventional 
risk assessment (such as dermal exposure). 

In health risk characterization, better toxicokinetic models 
would require larger sample sizes, better analytical accuracy, 
fewer assumptions in exposure assessment, and thus a better 
choice of the toxicity benchmark used to develop the HQ. 
Human biomonitoring studies of environmental contaminants 
can be used together with the expected exposure routes to build 
up such models. The models can be further used to predict 
future levels of similar chemicals in blood or to predict changes 
in exposure, such as could result from changes in the levels of 
the chemicals in fish and game.
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Figure 5.7 Interaction between 
climatic change and internal 
exposure to contaminants from 
seafood consumption. The role of 
other factors such as emissions and 
environmental fate and transport 
cannot be ignored (Brantsæter and 
Knutsen 2013).
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6. Risk communication
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6.1 Introduction

This chapter provides an update on risk communication in the 
Arctic. It summarizes some of the historical and newer research 
on risk communication methodologies as well as approaches to 
an evaluation of the outcomes of risk communication initiatives. 
It updates information on specific initiatives in several Arctic 
countries and particularly those that were directed at indigenous 
populations. While an effort was made to include information 
for risk communication activities or experiences for all Arctic 
countries, there is a lack of information from the European Arctic. 
The chapter also summarizes some international versus local risk 
communication activities and the complexity of developing and 
delivering messages designed for different audiences. This chapter 
provides a description of the potential application of social media 
for risk communication and concludes with a summary of ‘best 
practices’ based on published literature, experience and a survey 
of Inuit in a few Arctic countries. 

Risk Communication involves messages and advice designed to 
reduce harm and to maintain and improve health, delivered in a 
culturally and socially respectful manner. Risk communication 
has as its foundation good Risk Assessment, that is, evaluation 
of all the available science including epidemiological evidence, 
animal studies and a determination of ‘safe levels’ of exposure. 
Risk Management is based on risk assessment and considers 
the economic, social and cultural issues which interconnect to 
inform ‘who’ must be protected (the most vulnerable) and ‘how’ 
to best obtain the protection required (appropriate and effective 
exposure reduction strategies). A more detailed description of 
the risk assessment process, including risk communication, has 
been provided by Odland et al. (2009).

Arctic residents are exposed to a wide range of contaminants 
through consumption of traditional (country) foods (i.e., food 
from wild animals and plants that are hunted, caught or collected 
locally in the Arctic). Yet these same foods provide excellent 
nutrition, promote social cohesion, meet some spiritual needs 
for connectedness to the land and water, reinforce cultural ties, 
are economically important, and promote overall good health for 
many. The risk and benefit balance associated with consumption 
of traditional Arctic foods is complicated to communicate, and 
has been referred to as the ‘Arctic Dilemma’ (AMAP 2009). 

The complexity of communicating risk to northern communities 
was recognized in the first two health assessments published 
by the Arctic Monitoring and Assessment Programme (AMAP 
1998, 2003), but while its importance was acknowledged and 
concrete examples provided, information about how to develop 
and evaluate risk communication initiatives was lacking. 

It was not until the third AMAP health assessment (AMAP 
2009) that the overall state of risk communication in the 

Arctic was discussed, as well as recommendations for more 
evaluation of risk communication initiatives and focused 
research on methodologies. The risk communication process 
requires communication and information sharing to take place 
between risk assessors, risk managers, the local community, 
news media and interest groups (Odland et al. 2009). Effective 
risk communication can be very complicated, especially in 
the Arctic region. Some key aspects which are relevant for 
risk communication especially in Arctic areas were described 
in the risk communication chapter of the 2009 AMAP health 
assessment report (Odland et al. 2009), and are summarized in 
Fig. 6.1. For example, the development of risk communication 
messages needs to take regional and cultural differences in diet 
into account, as well as the fact that multiple food types are 
consumed which contain mixtures of contaminants. Important 
aspects of delivering messages include interactions between 
the sender (e.g. a health official) and receiver (e.g. people in a 
community) of risk communication. 

However, it can be argued that far less effort has so far been 
directed toward learning how best to inform or influence public 
decision making to protect health and culture in the Arctic, 
than has been invested in the identification, monitoring and 
assessment of effects of human exposure to these environmental 
contaminants. There has not been any apparent pattern to 
the production of publications on this topic over a 20-year 
period starting in 1992 (Furgal pers. comm. 2013). Three 
distinct peaks in publication occurred – in 1998, 2005 and 
2009 – which may be associated with focused assessment 
efforts by AMAP and national programs such as the Canadian 
Northern Contaminants Program (NCP)(Jensen et al., 1997; 
Van Oostdam et al., 2003, 2009; Furgal et al., 2003). Much 
of the communication recommendations appearing in the 
peer-reviewed literature are not the result of communication 
research studies presenting empirical evidence on this topic 
in these regions, but are a component in discussions or 
recommendations arising from contaminant studies.

6.2 Approaches to risk communication

There are many theories on how behavior can be influenced to 
reduce risks to health. There are also models which describe 
how risk communication can be presented (framed) for 
greater uptake. These theories and models when combined 
with the specific challenges of communicating health-based 
messages may be instructive for developing and evaluating risk 
communication strategies in the Arctic.

Covello and Allen (1988) provided the following seven cardinal 
rules of risk communication over 25 years ago, which are still 
applicable today:
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 • Accept and involve the public as a legitimate partner
 • Plan carefully and evaluate eff orts
 • Listen to the public’s specifi c concerns
 • Be honest, frank, and open
 • Coordinate and collaborate with other credible sources
 • Meet the needs of the media
 • Speak clearly and with compassion.

Diff erent risk communication theories off ered by these and 
other authors (such as Becker 1974; Ajzen and Fishbein 1980; 
Bandura 1992; Prochaska et al. 1992; Weiss and Tschirhart 
1994; Coff man 2002) address several key considerations that 
infl uence the uptake and eff ectiveness of risk communication 
messages. Eff ectiveness of a risk communication message is 
oft en modulated by personal beliefs and an understanding 
of the benefi ts of changing a behavior. A concern that the 
consumption behavior poses a personal health threat or a threat 
to people that are important to the individual are signifi cant 
considerations when deciding to change a behavior. This 
includes a view that the cost of changing behavior outweighs 
the cost of adopting the behavior (e.g. in social, fi nancial and 
conformity terms). 

Th e diff erent theories also distinguish between the origin and 
form of the risk communicated, and the receiver’s understanding 
and ability to recognize the relevance and importance of the 
behavior change. Th e chosen form of communication must 
capture attention, support motivation, and affi  rm a belief in 
one’s own skills to eff ect the change. And, over all, the message 
must speak to personal values and preferences in a way that is 
respectful and trustworthy. Also, Coff man (2002) described a 
diff erence between communication strategies concerning shift s 

in individual behavior and shift s in public will. Communication 
on a food advisory in the Arctic would be considered a 
strategy designed to address individual behavior or that of a 
family or community. 

Weinstein (1999) argued that decisions made by individuals 
about changing their behavior are based upon their common 
understanding of information from a wide range of sources. In 
addition, there are considerable diff erences in what individuals 
perceive as ‘correct’ information. Where there are diff erences 
which matter in individual perceptions versus scientifi c fact, 
information and strategies that update perceptions may add 
signifi cantly to the eff ectiveness of an advisory. 

‘Framing’ refers to how risk communication is constructed, 
that is, its language, its visuals and its messengers (Shonkoff  
and Bales 2011). Sandman et al. (1994) examined how a risk is 
perceived depending on where it is located on a gradient of risks 
(risk ladder) well known by the population. Th ey concluded 
that research into the formats used in risk communication 
(framing) were a signifi cant element for designing eff ective 
advice. Connelly and Knuth (1998) studied framing with respect 
to fi sh advisories and concluded that a diversity of approaches 
is necessary for eff ective communication of risk, such as written 
material in a good and understandable language (not to be 
confused with simple language), videos, signs, maps, symbols 
and/or interpersonal contacts. 

Good risk communication is best formed within an 
interdisciplinary frame and expertise is required in various 
fi elds such as program planning, evaluation, communications 
theory, marketing, and public health (Tinker 1996).
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Figure 6.1 General aspects relevant for risk communication in the Arctic as described by Odland et al. (2009).
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6.3  Evaluating the effectiveness of risk 
communication strategies

Th e notion that evaluation of eff ectiveness is an important 
component of any risk communication campaign is not new. 
Covello and Allen (1988) specifically stated the need for 
pretesting messages and evaluating communication eff orts. Th e 
need to evaluate the results of risk communication initiatives 
was also supported by Tinker (1996). Coff man (2002) off ered 
different evaluation approaches that can be considered at 
different stages of the risk communication: a formative 
evaluation which examines how the strategy is unfolding and 
where the message, delivery method or materials may need to 
be revised; a process evaluation which examines how materials 
such as brochures are being consumed or how many phone 
calls have been received on a help line; an outcome evaluation 
which looks at how people have adopted and understood the 
message and changed their behavior; and an impact evaluation 
which examines how personal or target population health has 
improved or how contaminant concentrations in human tissue 
have declined as a result of the risk communication initiative. 

For most Arctic risk communication initiatives there appears 
to have been very little pretesting of risk messages. Only in the 
last 10 years have a few evaluative exercises been reported that 
help with an understanding of successes and challenges related 
to the delivery of risk information. Furgal et al. (2005) described 
how poor risk communication can lead to fear, confusion, 
undesirable changes in dietary behavior and traditional lifestyles, 
and impacts on society, economy and health in indigenous 
communities in the Canadian Arctic. Myers and Furgal (2006) 
reported that women of childbearing age in communities in 
Nunavut and Nunatsiavut (Labrador), Canada, did not appear 
to have understood, remembered, or acted upon the messages 
on contaminants in traditional foods and the potential health 
impacts for the developing fetus. It is diffi  cult to assess if the 
target audience did not understand the messages or if they did 
not receive, register or remember the message. Th ere is also the 
possibility that they could not comply with the message due to 
extenuating circumstances (i.e. food insecurity).

The difference in knowledge systems between the 
indigenous populations of the Arctic and the primarily non-
indigenous populations outside the Arctic can also hinder 
a full understanding of risk communication messages on 
environmental contaminants. For some indigenous populations, 
it is difficult to understand the concept of ‘invisible’ risks 
such as contaminants, which have no equivalent word in 
their languages2, may not have a direct eff ect on health in 
the immediate future, or may be considered a lower priority 
compared to other issues within Aboriginal societies (Usher 
et al. 1995; Furgal et al. 2005). It cannot be assumed that the 
views and concerns on risks held by researchers and government 
bodies outside the Arctic are shared by residents of the North 
(Myers and Furgal 2006). Perceptions of contaminant risk must 
be linked with a population’s relationships with, and views 
of, traditional foods to develop eff ective risk communication 
messages that result in individual responses that reduce risk 
(Donaldson et al. 2010b). 

Acceptance of information pertaining to levels of contaminants, 
potential risks and consumption guidelines for traditional foods 
is highly dependent on trust, that is, where there is little trust 
between an Inuit community and a federal agency or public 
health offi  ce, there is less likelihood that the community will 
believe the source, the message or take up the advice (see 
Sect. 6.6 and ICC 2012). More complete information on the 
benefits of consuming traditional foods and some of the 
issues associated with consuming store-bought foods which 
contain high levels of carbohydrates, especially sweeteners, 
and unhealthy fats may better enable Arctic residents to make 
appropriate choices about the foods they eat.

Binnington et al. (2014) examined the eff ectiveness of maternal 
fi sh advisories using a mathematical time-variant mechanistic 
model (CoZMoMAN). While they found that dietary fi sh 
substitution reduced maternal exposure for substances such 
as polychlorinated biphenyls (PCBs) if the advice was followed 
for at least fi ve years, compliance with an advisory as structured 
in their model was essentially of no value if only followed 
for a year. These model estimates could be helpful in the 
future for determining whether both the length and nature of 
food advisories, designed to protect the fetus and developing 
infant from placental and breast milk exposures, respectively, 
will be eff ective.

6.4  Arctic-specific experiences in risk 
communication

Th is section provides some examples of risk communication 
experience from the Arctic. It describes diff erent strategies and, 
if available, how eff ectiveness has been evaluated. However, it 
does not provide information about more general food and 
nutrition advice issued in each of the Arctic countries, such as 
those on fi sh consumption, environmental contaminants and 
pregnancy. Th ese general advisories have been revised from 
time to time in all the Arctic nations based on scientifi c updates 
on health effects and benefits associated with consuming 
traditional foods as well as insights in risk communication.

6.4.1 Alaska, US 

Fur seal (Callorhinus ursinus) is an important subsistence food for 
the Aleut of the Pribilof Islands, Alaska (St. Paul and St. George 
islands) as well as the Commander Islands (Kamchatka, Russia). 
Concern over the decline in fur seals from 2000 to 2010 led 
researchers to analyze fur seal placentas. Duncan et al. (2013) 
found 109 of 146 (75%) were positive for the bacterium Coxiella 
burnetii. In humans, this bacterium can cause the illness known 
as ‘Q Fever’. Concern about exposure to C. burnetii and the safety 
of consuming fur seal resulted in an inclusive health consultation 
process with Pribilof residents (AHSS 2014). 

Public health offi  cials from the State of Alaska, Alaska Native 
Tribal Health Consortium and the Centers for Disease 
Control (CDC) consulted with regional and local tribal 
health authorities. CDC staff  made site visits to meet public 
and local offi  cials. Based on the consultation, tribal resolutions 

2 Eff orts have been made in Nunavut to develop material that has Inuktitut terminology for contaminants.

113Chapter 6 · Risk communication



were provided requesting that human serum samples collected 
from Pribilof Island residents (1980–2000) and stored at the 
Alaska Native Serum Bank be tested for C. burnetii antibodies. 
Analysis by CDC found a seroprevalence of 12% (56/470) for 
St. Paul samples and 11% (16/151) for St. George samples (AHSS 
2014). For comparison, the seroprevalence of this antibody in 
the US all-races population is 3% (AHSS 2014). Subsequent 
health consultations explained that C. burnetii exposure occurs 
primarily through inhalation and not through ingestion 
and that fur seal was a safe traditional food. CDC offered 
community blood testing to determine whether there had been 
any change in exposure to C. burnetii and local health care 
providers incorporated Q Fever in the differential diagnosis for 
patients with unexplained febrile illness (especially prolonged 
fever and elevated liver enzymes). No locally acquired cases 
of Q Fever have been identified in Alaska (AHSS 2014). This 
could be due to the symptoms, described above, which are those 
of community-acquired pneumonia due to a large variety of 
infectious agents. Q Fever has only very recently become known 
to Alaska health care providers as a zoonotic infection common 
in any Alaskan animal species.

Owing to the migratory route of northern fur seals, Alaskans 
share this resource with communities in Kamchatka, 
Russia. Considering that rapid environmental change will 
result in further incidences of zoonotic diseases, improving 
communication with Russian health officials is seen as an 
important aspect of the risk evaluation and management 
process for Aleut health issues, as there are no active formal 
relationships with public health officials in Russia. Copies of the 
public health bulletins developed by the State of Alaska (AHSS 
2014) were sent to the Aleut International Association which 
has formal ties with the Commander Islands. No formal analysis 
on the effectiveness of communication has been performed 
either with the Pribilof Island communities or with those in 
Kamchatka, Russia. However, the project was inclusive with 
active participation by U.S. federal, state, tribal and local 
officials. Project opportunities and options were presented 
and actions were taken based on local preference and with 
local permission. With expectations that rapid environmental 
change will result in new or changed patterns of zoonotic 
disease epidemiology, this case study provides an important 
example of how effective research and data evaluation, an 
inclusive consultation process and international cooperation 
can result in effective communication and outreach sensitive 
to the local needs and desires of Arctic indigenous peoples. 

6.4.2 Canada

6.4.2.1 Risk communication in Nunavik

In Nunavik, elevated levels of contaminants in Inuit adults, 
newborns and pregnant women have been documented 
in various publications (Dewailly et al. 1994, 2007; Muckle 
et al. 1998, 2001, pers. comm. 2014; Lemire et al. 2015). Risk 
communication experiences due to findings from these studies 
were described by Couture et al. (2012) on lead (Pb) and 
Dallaire et al. (2013, 2014) on PCBs and mercury (Hg). 

In 1992, a cross-sectional health survey in Nunavik (northern 
Quebec) found that mean blood Pb levels in Inuit were five times 
higher than levels in the general population in the United States. 

A study of Inuit newborns from 1992 to 1996 found that 7% of the 
blood Pb levels were above the blood guideline set by Canadian 
authorities, and approximately double the concentration of blood 
Pb levels in newborns in southern Quebec. The likely reason for 
the higher blood Pb levels was the use of lead shot for hunting. 
More recent data on blood Pb levels in the Canadian Arctic and 
other circumpolar countries can be found in Chapter 3.

In 1999, the Nunavik Regional Board of Health and Social 
Services, in cooperation with the Nunavik Hunting, Fishing 
and Trapping Association, the Kativik Regional Government 
(KRG) and Makivik Corporation, acted to remove lead shot 
from use and to replace it with steel shot or other alternatives. 
The resulting Regional Coalition of the Banning of Lead Shot in 
Nunavik, implemented an awareness campaign that included 
municipal officials and merchants, local radio announcements, 
articles in various periodicals, and posters and brochures in 
three languages (Inuktitut, French and English).

Couture et al. (2012) reported that blood Pb levels in Inuit from 
Nunavik had decreased significantly and particularly after the 
intervention in 1999, but remained higher than in southern 
populations. It is uncertain whether the changes in Pb levels 
were due only to the intervention, or also to a general shift in 
diet away from hunted waterfowl. The availability of lead shot 
has declined in many stores in Nunavik, but is still available 
in some. A survey of hunters in Inukjuak showed that only 
31% of respondents were aware of the ban on the use of lead 
shot. While there is evidence that the concerted intervention 
in 1999 initiated a positive result (lower blood Pb levels), the 
effectiveness of the messaging and the role played by hunters 
who may have switched to steel shot versus those who prepare 
the meals so as to exclude lead shot, have not been assessed. 

Exposure to PCBs and Hg in Nunavik is mainly due to 
consumption of marine mammal fat, especially beluga 
(Delphinapterus leucas) blubber for PCBs, or marine mammal 
meat, especially beluga muscle for Hg (Lemire et al. 2015). The 
Nunavik Child Development Study (NCDS) conducted from 
2005 to 2010 found that exposure to contaminants was related 
to health and developmental effects.

The results of the NCDS led to a shift in risk communication 
where the public health messages were revised to focus mainly 
on pregnant women and women of childbearing age, and on 
how to reduce exposure to Hg and Pb while maintaining an 
intake of n-3 fatty acids. Since PCB exposures had declined 
significantly in the population between 1994 and 2001 (Dallaire 
et al. 2003) as well as in the environment, no individual 
recommendation for reducing exposure to PCB was included 
because children born recently would be much less exposed 
than those in the original NCDS cohort. 

The primary public health message for Hg was as follows: “…
the main source of mercury exposure is beluga meat. Therefore, 
until we have evidence of a decrease of the mercury content in this 
specific country food, pregnant women and those of childbearing 
age should decrease their consumption of beluga meat.” More 
detailed information was also made available on the internet 
for persistent organic pollutants (POPs), Hg and Pb.

The campaign to communicate the results from the NCDS was 
extensive: it included study participants (parents and children), 
the general population, employees of the regional health and 
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social services network, midwives, regional organizations, 
national and international organizations (Inuit Tapiriit 
Kanatami, ITK; Inuit Circumpolar Council, ICC Canada), 
regional contaminant committees, health officials from other 
northern regions of Canada, representatives of the Northern 
Contaminants Program (see Box 6.1), Health Canada, and the 
general public. The communication of results was carefully 
planned to ensure that information went to the Nunavik 
population before it was presented at scientific meetings and 
in peer-reviewed journal articles. An effectiveness evaluation 
component is underway and should be completed in 2015. 

6.4.2.2 Risk communication in Nunavut

Inuit in Nunavut expressed a desire to have health information 
of practical relevance so that they could make informed 
decisions in the face of the rapid changes that are affecting all 
dimensions of life in their communities. In response to these 

concerns, a large and complex participatory health research 
project for those 18 years of age and above was developed and 
undertaken in 25 communities in Nunavut in 2007 and 2008 
(Chan 2012a). The goal of the Nunavut Inuit Health Survey 
(NIHS) was to obtain an overview of the health status and 
living conditions of Inuit aged 18 and over in Nunavut. The 
results of the work led to the following key messages related 
to food and contaminants:

“Country foods provide many essential nutrients that can lower 
the risk of chronic diseases. Most Inuit adults in Nunavut need 
not be concerned about contaminant-related effects from country 
food consumption. Generally, the benefits of eating country foods 
outweigh the risks from contaminant exposure. 

Inuit women of child-bearing age who may become pregnant, 
are planning to get pregnant, or are pregnant should avoid eating 
ringed seal liver due to its high mercury content. Instead, ringed 
seal meat is a great and healthy alternative…”

Box 6.1 History of risk communication in Arctic Canada

In response to accumulating evidence of contaminants in 
traditional (country) food, a project was carried out by Kinloch 
and Kuhnlein (1988) in the Inuit community of Qikiqtarjuaq 
(Broughton Island) in Nunavut, Canada. The communication 
of the Broughton Island results, that is, that breast milk had high 
levels of PCBs, caused alarm and confusion in communities 
(Usher et al. 1995). It was reported that many people ceased to 
eat traditional foods altogether, which led to more immediate 
health problems and undermined the nutritional benefits of 
a diet consisting of traditional food. Further contaminants 
research found that blood and breast milk of Inuit women 
from the Hudson Bay area also had elevated levels of POPs 
(Dewailly et al. 1989). PCB concentrations in blood of many 
individuals living in the Arctic, including two-thirds of those 
under 15 years of age, were above 5μg/L, which was considered 
to be an exceedance of tolerable blood levels at the time 
(Kinloch et al. 1992).

The alarm and confusion during the communication of the 
Broughton Island study results highlighted the need for work 
on contaminants and risk communication to be undertaken 
concurrently as well as the necessity of including Aboriginal 
representation when addressing health concerns. In response, 
a five-year plan for the NCP was developed by a technical 
committee of federal and territorial government experts and 
five Aboriginal parties: the Council of Yukon Indians (now 
Council of Yukon First Nations); the Dene Nation; the Metis 
Nation-Northwest Territories; the Inuit Tapirisat of Canada 
(now Inuit Tapiriit Kanatami, ITK); and the Inuit Circumpolar 
Conference (now Inuit Circumpolar Council, ICC). 

The NCP was established in 1991, and its key objective is 
“to work towards reducing and, where possible, eliminating 
contaminants in traditional/country foods, while providing 
information that assists individuals and communities in 
making informed decisions about their food use.” (INAC 
2003). Unique to the NCP was the vision that the Aboriginal 
peoples most impacted by these contaminants would be 
central to the program’s management. The focus of the NCP 

is on research and human tissue monitoring related to the 
impacts and risks of Arctic contaminants to human health, 
and the temporal trends of contaminants of concern in key 
Arctic food species. Since the early years of the program, 
benefit-risk communication was undertaken by the Aboriginal 
partners and territorial health departments. The messages 
focused on the amount of traditional food consumption as 
well on as the benefits of such consumption. The NCP is a best 
practice model which supports capacity building and ensures 
participation of Arctic indigenous peoples in management, 
research development and implementation, as well as 
information dissemination. However, the communication 
of research results and advisories to the community still 
remains a challenging task due to the complexity of balancing 
the nutritional importance of traditional foods while also 
warning of health risks associated with contaminant levels in 
those same foods. Further, regional health officials have noted 
gaps in the risk communication practices within Canada. For 
example, in some cases contaminant results have not been 
shared directly with communities, or levels of concern were 
not flagged to public health officials by researchers. Regions 
are typically lacking their own toxicologists to assess the 
information and rely on federal toxicologists instead. Regional 
health officials also often lack designated resources to 
communicate back to local communities and recommend that 
risk communication be made an integral part of contaminant 
research in the Canadian North, with dedicated funding and 
an understanding of roles and responsibilities. To promote the 
communication and dissemination of NCP-derived health risk 
information in a coordinated way that is effective, coherent, 
proactive, consistent, accurate and culturally relevant, the NCP 
therefore decided to develop an integrated risk communication 
group comprising federal experts including toxicologists, as 
well as researchers, community representatives, public health 
officials and northern Aboriginal organizations. This group’s 
role is to recommend strategies and methodologies to aid 
risk communication and could also assist in evaluating the 
effectiveness of risk communication initiatives.
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Over the course of 2013 and 2014, the NIHS Steering Committee 
undertook a project aimed at reviewing the efficacy of NIHS 
contaminants communication, covering three communities 
in Nunavut and over 1000 participants. Preliminary results 
were published in the 2014 NCP Synopsis Report (AANDC 
2014). They show that fewer than half of the people surveyed 
remembered hearing the risk communication messages on 
avoiding certain traditional foods due to contaminants, while 
over 80% of participants reported hearing about the benefits of 
traditional food. One-third of participants stated that they had 
modified their eating habits after hearing about contaminants in 
traditional foods. The most popular sources of information were 
‘friends or family’, radio and television. The authors of the study 
found that responses differed between the three communities, 
and emphasized the need to conduct evaluations after risk 
communication activities, to ensure that messages were released 
and received as planned and expected. 

6.4.3  Faroe Islands: Dietary advice on 
consumption of pilot whale 

Odland et al. (2009) provided a detailed history of risk 
communication activities in the Faroe Islands related to PCBs 
and Hg exposure. Figure 6.2 provides a graphical representation 
of levels of PCBs and Hg in pilot whale (Globicephala sp.) 
and Faroese adults and the associated timeline for risk 
communication advisories in the Faroe Islands. 

High levels of Hg in meat and organs from pilot whales, which 
are an important traditional food source for the Faroese 
were first reported in 1977 (Weihe and Joensen 2012). This 
finding led to the first consumption advisory for the general 
Faroese population from the Chief Medical Officer to limit 
the consumption of pilot whale to one meal per week and to 
completely avoid pilot whale liver and kidney. Since 1980, 
pregnant women were specifically advised to limit their 
consumption of pilot whale meat and blubber. In 1989, 
additional information on high levels of organochlorine 
contaminants in the blubber of pilot whales led to the 
consumption advisory that not more than 200 g of whale 
meat and blubber (each) should be consumed per month, and 
that liver and kidney should be avoided completely. In 1998, 
another advisory followed due to demonstrated effects of Hg 
and PCB exposure on the health of the fetus and newborns. 
This advisory focused on adults and most specifically on 
young and pregnant women. 

As shown in Chapters 3 and 4, the Faroese body burden of 
contaminants is still high in comparison with other populations, 
and is associated with adverse health effects. In 2008, the Faroese 
health authority concluded that pilot whales currently exceed 
limits for acceptable concentrations of toxic contaminants 
and can no longer be recommended for human consumption 
(Weihe and Joensen 2012). 

In the case of the Faroe Islands, the risk communication 
efforts appears to have been successful in convincing pregnant 
women to consume less pilot whale than before (Odland et al. 
2009; Weihe and Joensen 2012). While Hg levels in pilot whales 
have not decreased over the last three decades, concentrations 

in the blood of pregnant women have decreased significantly 
(Fig 6.2). While a dietary shift can be caused by several 
factors, it is likely that the risk communication undertaken 
in the Faroe Islands was the driving force for the decreases 
in human tissue levels of Hg and PCB for several reasons. 
For example, associated with the extensive cohort studies 
that have been ongoing since 1985, risk communication was 
continuous throughout the years and reached all areas of the 
islands (Odland et al. 2009). Further, risk communication 
messages were always restricted to pilot whale consumption, 
and several fish species with low contaminant concentrations 
were available and recommended as alternative dietary 
choices. However, as outlined in Chapter 4, health effects 
are still measurable even at these lower levels of exposure. 
Additionally, the success of the risk communication efforts 
and lower levels of contaminants in the Faroese population 
comes at a cost of loss of cultural identity for the Faroese 
people, who have relied on pilot whales as a staple part of 
their diet for hundreds of years (Weihe and Joensen 2012; 
Weihe pers. comm. 2014).

6.4.4  Greenland: Addressing conflicting 
evidence about diet and health 

A country-wide population survey from 2005 to 2009 on adult 
Inuit in Greenland found that 78% exceeded 5.8 μg/L, an Hg 
blood guideline level established by the United States EPA 
(Environmental Protection Agency), and 98% exceeded 5 μg/L 
blood PCB concentrations (Bjerregaard and Mulvad 2012). At 
the same time, there was concern about a pronounced increase 
in overweight individuals and diabetes during the previous 15 
years due to the dietary transition from a nutritious traditional 
diet to a less healthy diet based on store-bought food. 

The Greenland Board of Nutrition is tasked with providing 
balanced information to the public about contaminants in the 
traditional marine food diet and general information about a 
healthy and nutritious diet. Recently, it was determined that 
obesity plays a greater role in adverse health outcomes than 
exposure to contaminants (Bjerregaard and Mulvad 2012). As 
a result, dietary advice to the general Greenlandic population 
has been revised and consists of ten simple recommendations 
(Bjerregaard and Mulvad 2012):
 • Eat a variety of foods
 • Eat local foods and eat fish often
 • Eat fruit and vegetables daily
 • Eat whole grains daily and eat potatoes, rice and pasta often
 • Consider the fat you eat
 • Eat less sugar, candy, chips and cakes
 • Drink water and drink less fruit syrup and soda pop
 • Eat frequently but not a lot
 • Be physically active for at least one hour per day
 • Think about what you eat.

There are also recommendations on physical activities and social 
aspects of preparing and eating meals. In addition, pregnant 
and nursing women3, as well as children and young people are 
encouraged to continue to eat traditional marine food but to avoid 
or reduce consumption of older seals, toothed whales, seabirds 

3 A book in Danish and Greenlandic is provided to all pregnant women. It includes information about contaminants and dietary considerations.
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Figure 6.2 Timeline of risk communication for mercury (Hg) and polychlorinated biphenyls (PCBs) related to pilot whale consumption in the Faroe Islands 
(Dam, M., Environment Agency, Faroe Islands, unpublished, 2015).
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Women: advised not to eat eat blubber until having given birth to children; and to 
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Adults: pilot whale blubber and meat consumption not more than once or twice a month
Everybody: no liver and kidneys

Umbilical cord blood from 1023 births showed a median of blood-mercury 
concentration of 24.2 µg/L and 25% exceeded 40 µg/L

PCBs in pilot whale blubber adversely affect children’s immune 
system and reduce the effect of vaccination
Effects from MeHg exposure in children still detectable 
during adolescence

Recommendation to cease consumption of pilot whale 
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and polar bear, due to high concentrations of contaminants. It 
is recommended that individuals substitute these foods with 
lean fish and terrestrial mammals. The specific focus in the 
recommendation is to promote availability and consumption 
of more fish known to have the lowest contaminant levels. The 
recommendation is directed at all parts of society (families, 
child care centers, schools, elder care facilities, hospitals, etc.) 
and commerce (fishermen, fish shops, sales and delivery, etc.).

Bjerregaard and Mulvad (2012) reported that in 2007 the 
Greenland Board of Nutrition evaluated the success of an 
information campaign on dietary recommendations. Their 
‘outcome’ evaluation found that 43% of respondents knew 
about the campaign, mostly from television and brochures, 
and were familiar with recommendations regarding eating fruit 
and vegetables and traditional food. However, it was not known 
if these same respondents also followed the advice. 

6.4.5 Russia: POPs and metals in Chukotka 

The AMAP Russian Arctic Persistent Toxic Substances (PTS) 
study examined contaminants in food samples from Chukotka 
and undertook dietary surveys of the indigenous people living 
in inland Kanchalan and the coastal Uelen settlements (AMAP 
2004). It was found that some marine wildlife exceeded Russian 
food safety limits. For example, livers of whales, walruses and 
seals exceeded the food safety limits for cadmium (Cd) by 5 
to 15 times, and all species of seals exceeded limits for Hg by 
3 to 100 times. Kidney and liver from walruses (Odobenus 
rosmarus) and grey whales (Eschrichtius robustus) exceeded the 
safety limits for Hg by 2 to 4 times. It was also suggested that 
houses and food containers were a source of POPs (e.g. through 
using insecticides in the home and preparing food and alcohol 
in contaminated containers). As a result, some prepared food 
items (such as fermented walrus meat) and homemade alcohol 
were highly polluted with PCBs and DDT. 

Based on the PTS study findings, consumption restrictions 
were recommended for several species and tissues, and 
several risk communication measures were implemented to 
reduce contaminant exposure (Dudarev 2012). The Ministry 
of Health Care and Social Development of the Russian 
Federation approved systematic population health inspections, 
contaminant waste clean-up projects, and training sessions. 
Risk communication initiatives included brochures, a film, 
community meetings, non-technical summaries of the PTS, 
a school education program and broad media coverage of the 
issues. The risk communication initiatives were prepared and 
distributed to local indigenous communities; school teachers 
and pupils; managers of local administrative, maintenance, 
health and sanitary services; and other groups involved in 
decision-making on a wide range of quality of life issues.

Dudarev (2012) reported that the comprehensive study 
approach in Chukotka, and the thorough awareness campaign 
were very successful in producing desired ‘outcomes’, that is, 
implementation exercises and contaminant exposure reduction 
measures. However, to date there has been no follow-up study 
to investigate whether the measures taken have caused a desired 
‘impact’, that is, a decrease in contaminant exposure. 

6.4.6 Circumpolar Inuit perspectives

The ICC recently completed a report to address circumpolar 
perspectives on risk communication: views from Alaska, 
Canada, Chukotka, and Greenland (ICC 2012).

Information was obtained through a series of questions 
circulated to regional/local health officials, Inuit organizations, 
government officials and/or the general population. For 
example, in Alaska two teleconferences were held with a total 
of 15 participants. The participants were hunters, gatherers and 
professionals appointed by villages and regional organizations 
who were recognized to hold authority to speak on this topic 
and were specifically sought to be engaged in the survey. 
Overall, the representatives covered all rural areas home to 
Alaskan natives. In Greenland, a health official responsible 
for dietary advice was asked to provide input on the topic. 
Additionally, a survey lasting eight days was undertaken 
online and by mail to solicit views from Greenlandic civil 
society organizations (representing a broad spectrum of 
the Greenlandic population) and the Greenlandic public 
(which is approximately 80% Inuit). The survey was also 
broadcast by national and local media. A total of 66 people 
responded covering all four municipalities in Greenland, 
with the majority of people responding from the Greenland 
capital, Nuuk. 

In Canada, regional organizations responsible for risk 
communication were contacted and provided their views on 
the topic. Additionally, views from local Inuit were sought and 
recorded at a workshop where contaminants and climate change 
were discussed. 

In Russia, information was obtained by representatives of 
three civil society organizations and one Russian scientist 
who were involved in risk communication efforts, as 
well as one representative from a Chukotkan indigenous 
hunter organization. 

In all cases (where it was possible), the information was 
summarized and sent back to the informing parties for their 
review to ensure that it reflected their input correctly.

While the report tried to reflect the views of all Arctic indigenous 
peoples as much as possible, the majority of views reflected Inuit 
perspectives. Because it was found that perspectives can vary 
widely between regions or even within one region, the findings 
should not be extrapolated to be considered representative of 
all indigenous peoples in the Arctic.

Responses to the key question How is contaminant risk 
communicated in your region? are summarized in Table 6.1. 
Two themes arise from the responses. First, most regions report 
that risk communication varies by issue and community, that 
is, there is no one-size-fits-all risk communication strategy for 
the Arctic. Second, two countries have no national strategic 
approach to risk communication (Alaska, Russia) while two 
others (Canada, Greenland) have an integrated national risk 
communication development and dissemination approach.

Most of the risk communication initiatives described 
in Sect. 6.4.1 to 6.4.5 indicate that there is only limited 
awareness of the outcome of risk communication messages. 
In some cases, risk communication efforts appear to have 
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been successful, at least when effectiveness is measured 
in an indirect way – for example by lower contaminant 
levels. However, due to missing effectiveness evaluation 
studies, uncertainty remains as to whether a specific risk 
communication method had been particularly successful and 
could be clearly linked to behavioral changes that resulted 
in decreased contaminant exposure.

The ICC survey (ICC 2012) provided the following comments 
about the effectiveness of risk communication activities 
(Table 6.2). The responses from the recipients of the risk 
messages appear consistent in their view that there are few 
behavioral changes and few studies which indicate that the 
messages were effective. 

6.5  International risk communication 
experiences related to the Arctic

Risk communications on contaminants are of importance 
on the international stage, for instance during international 
scientific and policy meetings related to contaminants and/
or to support negotiations for multinational environmental 
agreements which may impact on the Arctic. However, sharing 
concerns about the risks posed by contaminants to the health 
of Arctic indigenous peoples, specific research findings and risk 
reduction messages can be a double edged sword. While some 
specific risk communication messages are intended for the 
protection of a local community or regional population from 
possible adverse health effects of contaminants found in parts 
of their diet, these same public health messages can spread to 
other communities, regions or countries through the global 
availability of media, and particularly via the internet. Rapid 

Table 6.2 Inuit views on behavior change resulting from risk communication (ICC 2012).

Region Are changes in behavior observed due to the risk communication?

Alaska, US No long-term changes have taken place in hunting or consumption of traditional foods so far; however, there are anecdotal 
reports of some short-term changes due to fear or lack of information

Concerns have been expressed in some communities about sick animals1

Hunters have relied on indigenous knowledge to determine if sick animals are safe to eat, or if there is a risk

Canada No particular strategy to assess the effectiveness of the risk communication in the regions

One case study found a low level of message retention in the target group of women of childbearing age (Myers and Furgal 2006)

Russia (Chukotka) No follow-up studies have been done on the effectiveness or retention of the messages, but there was a lot of interest to 
conduct such studies

There is a need for more risk communication, but generally the priorities of the people in Chukotka are on other aspects of 
survival as life is very hard

Greenland A range of responses to risk messaging with 55% of survey respondents (n=66) reporting that they would not change their 
behavior, 23% reporting changes in behavior due to risk messaging, 15% saying that behavior changes depended on a 
variety of factors, and 8% did not know or did not answer that question

1 The ICC (2012) survey took place during the seal/walrus disease outbreak in the western Arctic, where many animals were visibly sick or died.

Table 6.1 Inuit views on communicating contaminant risk (ICC 2012). 

Region How is contaminant risk communicated in your region?

Alaska, US There are distinct approaches to risk communication within Federal and State agencies and within some regional 
organizations, such as the North Slope Borough and Maniilaq Association

Perception exists that there is no overall organized State-wide risk communication strategy across multiple agencies or 
regional organizations

Some reports of miscommunication, insufficient communication, no communication, or at times a distrust of the 
information being communicated

Canada Risk communication is the responsibility of the health authorities in the Canadian Territories and sub-regions, and is 
carried out in collaboration with and/or organised through the NCP using a structure agreed to by most.

Communication pathways, strategies and messages vary by issue and community

The focus of risk communication is mostly on the benefit of traditional foods; occasionally, health advice is issued to limit 
consumption of certain traditional foods if contaminant exposures are of concern (see Sect. 6.4.2)

Russia (Chukotka) No national or regional strategy or systematic approach

Risk communication has been related to specific studies or projects such as the AMAP PTS study (see Sect. 6.4.5) and 
IPEN/Eco-Accord studies (Dudarev 2006a,b)

Risk communication related to specific studies is often focused on how to cook/store foods (e.g. avoiding use of old, 
contaminated barrels)

Greenland There is a national strategy in Greenland on promoting certain foods (like fish), but usually there are no direct warnings to 
avoid food items (see Sect. 6.4.4)

Greenland has a one-for-all health system that is well integrated and unified, and there is a good rapport between doctors 
and communities

Public responses to the ICC online questionnaire resulted in heightened interest in the topic and a need for more 
risk communication
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dispersal of messages meant for one group or location can 
create anxiety and confusion in other areas where the scientific 
information or the advisory does not apply, or is not intended. 

For example, an international conference in 2011 on Climate 
Change and Pollution included a presentation from the Faroe 
Islands about the inhibitory effects of PCBs on the efficacy 
of vaccinations (Heilmann et al. 2010). The conference 
presentation also explained that the findings of the research 
led to a health advisory in the Faroe Islands suggesting that local 
communities refrain from eating pilot whale (see Sect. 6.4.3). 
Subsequent media reporting by an Arctic newspaper that the 
same recommendation would be valid for the consumption 
of other toothed whales in other areas in the Arctic, including 
Canada, led to concerns there that the reports would discourage 
Canadian Inuit from eating their traditional foods. 

The Faroe Island example underlines an inherent obstacle in 
sharing risk communication messages in international fora; 
news about research results and risk reduction strategies may 
be extrapolated to other regions, regardless of the relevance 
or validity of the advice. This can be a challenge for the 
development of trustworthy risk communication messages 
in other regions and for specific groups in specific locations 
where contaminant levels and food intakes have been measured 
and evaluated and have not been found to pose a similar risk. 

The ICC had similar experiences during the negotiations for 
legally-binding instruments for implementing global action 
on POPs and Hg (Stockholm and Minamata Conventions, 
respectively, see Box 6.2). 

For the POPs negotiations, several Canadian Aboriginal 
partners formed the coalition Canadian Arctic Indigenous 
Peoples Against POPs (CAIPAP), to advocate for consensus 
and urgency (Downie and Fenge 2003). CAIPAP was seen as a 
valuable source of relevant scientific information but also as a 
human face to the problem of contaminants that have reached 
the Arctic. The international messages throughout the POPs 
negotiations made their way back to Canada and into the Arctic 
regions through international media, and seemed to contradict 
the messages developed for local constituents at home (Myers 
and Furgal 2006). Examples are illustrated in Fig. 6.3. 

Contrary to messages during the POPs negotiations, ICC 
interventions during the Hg negotiations 2010–2013 were 
able to draw directly from regional consumption advisories 
such as the beluga meat consumption advisory in Nunavik 

(Sect. 6.4.2.1) to highlight impacts of atmospheric Hg emissions 
on Inuit in the Canadian Arctic. However, while ICC took care 
to refrain from the sensationalistic wording used previously in 
international communication, subsequent media reporting by 
local media still misconstrued and distorted the international 
message in some cases. 

For example, after the fifth negotiation session in January 2013, 
the ICC press release stated:

“After a week with long negotiations that lasted throughout several 
nights, ICC participants were pleased to see the adoption of a 
global mercury treaty […]. […] the mercury treaty is expected 
to result in the reduction of mercury levels in the environment 
globally, however many years will pass before the first measures 
have to be implemented. […] Nevertheless, the fact that over 140 
countries were able to agree on measures to reduce mercury in 
the environment has to be viewed as a success.”

Figure 6.3 International versus 
c ommu nit y  mess ag i ng  on 
persistent organic pollutants 
(POPs). Comparison of messages 
communicated in 1998–2001 
during the Stockholm Convention 
negotiations by Sheila Watt-
Cloutier (ICC Vice-Chair at the 
time) with messages given locally 
in Canadian Inuit regions (Loring 
pers. comm. 2009).

Box 6.2 Global conventions on POPs and mercury

The Stockholm Convention (Stockholm Convention 2014) 
on Persistent Organic Pollutants (POPs) now covers 23 POPs 
in its elimination and control annexes. It entered into force 
in 2004 and has more than 160 signatories/ratifications. The 
Minamata Convention on Mercury was opened for signature 
in October 2013 (Minamata Convention 2014); as of May 
2015 it had been signed by 128 countries and ratified by 11. 

Although there has not been a formal evaluation of the 
effectiveness of the international risk communication 
messages following the negotiations for either the Stockholm 
Convention or the Minamata Convention, both treaties 
contain preambular texts which reference indigenous 
communities and the vulnerability of indigenous people. 

The preamble in the Stockholm Convention text acknowledges 
that …“the Arctic ecosystems and indigenous communities are 
particularly at risk because of the biomagnification of persistent 
organic pollutants and that contamination of their traditional 
foods is a public health issue.”

The preamble in the Minamata Convention notes … “the 
particular vulnerabilities of Arctic ecosystems and indigenous 
communities because of the biomagnification of mercury and 
contamination of traditional foods” and concern about … 
“indigenous communities more generally with respect to the 
effects of mercury…”

“We were being poisoned…”

“You can see the unwelcome irony: 
eating our traditional country food… 
was actually slowly poisoning us and 

our children as well.”

Sheila Watt-Cloutier
(ICC Vice-Chair)

Canadian Inuit organizations

International

“The benefits from these foods far 
outweigh the concerns…”

“Continue eating country foods… 
Country foods are still the best… 

for you and your family.”

Local
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It also included a quote from the ICC Canada President, 
Duane Smith:

“Several Inuit regions currently have consumption advisories 
in effect due to high mercury levels in some traditional food 
items, and the mercury in our foods is largely due to global 
mercury emissions, for example from coal-fired power plants in 
Asia. Consumption advisories are not an acceptable way for us 
to avoid health effects from mercury. Our environment needs to 
be healthy in order for us to be healthy.” 

One media outlet subsequently reported: 

“The Inuit Circumpolar Council says it is pleased with progress 
made in efforts to reduce global mercury levels. Early this week, 
more than 140 countries adopted a global mercury treaty at the 
United Nations Environment Programme meetings in Geneva, 
Switzerland. The treaty includes legally binding and voluntary 
measures to regulate mercury emissions, the related health 
aspects and other concerns. Mercury is a poison released into 
the air, water and land from small-scale artisanal gold mining, 
coal-powered plants, and from discarded electronic or consumer 
products such as thermostats, batteries and paints. Because 
mercury concentrates and accumulates in fish and goes up the 
food chain, it poses the greatest risk of nerve damage to pregnant 
women, women of childbearing age and young children.

“Over the years in the Arctic, mercury levels have been rising. 
Inuit consume mercury when they eat country food like beluga 
and ringed seal. The council has been pushing for tougher 
regulations in countries where mercury is coming from.” 

The highlighted text portions are added here for clarity. They 
illustrate that while ICC referred to food advisories due to high 
Hg levels in some traditional food items, the media just took 
a broad-brush approach saying that “Inuit consume mercury 
when they eat country food”. Such generalized messages may 
cause anxiety and uncertainty in Northern regions, where the 
overall dietary advice given by health officials is that traditional 
food is healthy and should be consumed.

Overall, the experience of risk communication on the 
international scale shows that it is not desirable for one source 
to use messages with significantly different content for different 
audiences, since this message can reach a non-target audience 
through global media sources such as the internet. At the same 
time, it is likely that different messages are transmitted by 
different (global) sources and reach local non-target audiences, 
which can cause confusion in local populations. Therefore, 
continuous communication is required locally to reinforce the 
validity of messages to a local audience and prevent confusion 
through non-local information sources that may not be valid 
for a specific local audience. 

6.6  Application of social media for risk 
communication in the Arctic

Use of social media (see Box 6.3) is becoming a potent tool for 
all forms of communication, including risk communication. 
However, use of social media for risk communication differs 
from more commonly used approaches for communicating 
health risk in as much as the former involves multi-way 

communication (between the originator and social media 
users) whereas the latter tends to rely more on the one-way 
flow of information (usually as a top-down approach from 
health experts to the target group). Using social media for a 
dynamic exchange of information rather than a more traditional 
passive communication, facilitates the development of a greater 
understanding of how health risk messages can elicit different 
responses based on who delivers the messages, how they are 
delivered, and how the public actively processes the information 
(Lemal and Merrick 2011). 

Social media can be used to meet the objective of providing 
health information in an accessible, timely fashion, and can 
be used as a strategy to monitor the perceptions, reception 
and understanding of the message and contributions to the 
conversations (Schein et al. 2010; Rutsaert et al. 2013).

6.6.1  Social media for health risk 
communications: forms, practices and 
effectiveness

The form of social media used within a health communication 
strategy is largely dependent on the goals of the strategy, 
whether it is message dissemination and/or public engagement 
(US CDC 2011b). 

The ‘one-way’ electronic-media based communication depicted 
in Fig. 6.4 is a form of information dissemination that is often 
more accessible now compared to traditional media forms (radio, 
television, letters, brochures and newspapers). Nevertheless, the 
accessibility of different forms of media and communication 
sources remains audience dependent. Internet-based content 
with graphics, color, text and audio can be updated rapidly but is 
still not fully enabled for discussion or rapid group interaction. 
YouTube is one of the best known content communities used 
for video sharing (NCSD 2009).

The ‘two-way’ communication category represents perhaps the 
greatest shift in risk messaging communication possibilities, 
especially when combined with access to information available 
online. Two-way media allow for an exchange of comments, 
feedback, and clarity. They are open to discussions on the disparity 
of views arising from the factors influencing risk perception and 
behavior in northern communities, such as cultural, social and 
demographic factors (Furgal et al. 2005; Rutsaert et al. 2013). 

Social networking sites are websites used for building virtual 
communities, organizations or personal networks, allowing 
users to connect and socialize online (Mayfield 2008; NCSD 
2009; US CDC 2011b). Social networking sites are another 
way for health messages or campaigns to be advertised and 
targeted to appropriate groups. However, people would need 
to be linked to the discussion group or organization’s pages in 
order to receive the health messages. 

Box 6.3 Social media

…. “the various electronic tools, technologies, and applications 
that facilitate interactive communication and content 
exchange, enabling the user to move back and forth easily 
between the roles of audience and content producers” (Tinker 
and Fouse 2009).
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6.6.2  Social media as a tool and opportunity 
for risk communication in the Arctic

Social media as a tool for health risk communications can 
provide opportunities in the circumpolar North to enhance risk 
communication strategies. For communities with few resources 
to put towards the communication of health risks, social media 
could help overcome cost barriers as several social media tools 
offer a relatively cost-effective means of communication (Schein 
et al. 2010), especially for reaching out in-person to remote 
communities. Two-way communication and community 
engagement via social media is one means to build mutual 
trust among public health officials and community members; 
this is especially critical in the north where there is much health 
research underway related to contaminants and scientists and 
health officials are unable to make sufficiently frequent visits 
to communities to provide updates. 

Health messages being delivered by northerners to northerners, 
can provide optimal trust in the message. For example, for 
the Nunavik Child Development Study (see Sect. 6.4.2.1), the 
Nunavik Assistant Director of Public Health was chosen as 
the spokesperson for the YouTube capsules. As an Inuk, she 
was considered by the communities as both a representative 
of the people and a credible professional (Muckle pers. comm. 
2014). In this case, the YouTube capsules were included in an 
effort to increase messaging effectiveness to youth and young 
women of childbearing age. Videos were purposefully kept to 
less than two minutes and just provided the basic results of the 
study (Muckle pers. comm. 2014). Longer video clips may be 
useful for other target audiences for which more background 
information to the study would be valuable.

Not all communities in the Arctic have reliable access to 
broadband internet, an essential component for effective 
social media messaging. Among the circumpolar countries, 
Iceland, Alaska and Norway have the highest percentages of 
population using the internet, followed by Sweden, Finland, and 
northern Canada (Nordregio 2011). Greenland has over 90% of 
its population connected to internet (IWS 2014). Arctic Russia 
has the lowest percentage of the population using the internet. 
In those countries and regions with limited internet availability, 
radio may continue to be a better communication tool for 
widespread distribution of risk communication messages. 

Three confounding factors make the evaluation of risk 
messaging in social media fora difficult: a general lack of 
understanding of how social connections impede or validate/

support behavior change; whether or not to have confidence 
in forum moderators (in terms of how they might direct or 
influence the conversation); and knowing who might have 
joined a social networking group and why (e.g. their motivation 
and bias) (Bennett and Glasgow 2009; Schein et al. 2010). These 
factors need to be taken into account when considering the use 
of social media tools for undertaking research on disseminating 
risk messages, evaluating public perceptions of messages, or 
gathering research data on effectiveness of messaging. 

6.6.3  Considerations for social media use 
in Arctic risk communications

There are several Arctic-specific considerations which would 
enhance risk communication through social media; many are 
common to the traditional one-way communication forms:
 • Preservation of indigenous language in an online world that 

works primarily in English
 • Risk message text which can be combined with audio, 

video and/or in-person communication and community 
workshops

 • Establishing trustworthy and credible channels and sources 
for the social media tools available 

 • Monitoring and managing the communications online 
continuously (see Tinker and Fouse 2009) 

 • Avoiding anxiety and fear by providing correct and clear 
information on contaminants in traditional foods and the 
benefits of these foods 

 • Directing health messages to the correct target populations 
and consulting broadly on the messages prior to issuing a 
risk message

 • Streamlining message approval processes to enable real time 
communications (see Schein et al. 2010)

 • Avoiding information overload 
 • Enhancing staff knowledge of social media tools and promoting 

technological/IT capacity (see Tinker and Fouse 2009) 
 • Improving the availability of technical infrastructure and 

internet access/bandwidth to enable reliable use of some 
social media tools

 • Recognizing that social media tools may not be as effective 
for reaching certain demographic groups, for example seniors. 

There is very little published literature on the impact of social 
media on vulnerable populations. The social media practices 
of community organizations have yet to be formally evaluated 
(Taylor 2011). Therefore, given the fairly recent introduction of 
social media as a tool for risk communication, particularly in 

Figure 6.4 Schematic illustration 
of different communication forms 
within social media.

Receiver

• Banners (badges)

• RSS Feeds

• Podcasts

One way

• Collaborative projects 
 eg. Wikipedia

• Content communities 
 eg. YouTube

• Blogs and microblogs

• Social networking sites eg. Facebook,
 Twitter, LinkedIn

Two way
Sender
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the North, it is difficult to say whether such campaigns are or 
will be effective at reaching target audiences. Research aimed 
at examining the effectiveness of social media campaigns will 
assist health communicators in the future use of these tools. 

6.7  Optimizing risk communication 
in the Arctic

Many authors have provided information on best practices for 
risk communication, and several have focused on indigenous 
populations. They point to the need to understand the target 
population and culture (DeWeese et al. 2009) and especially 
those groups most vulnerable to the impacts of the exposure 
event. For environmental contaminants those most at risk are 
elders, women of childbearing age, infants and children, residents 
with chronic diseases and those on medications that affect the 
immune system. Other authors highlight the importance of 
trust (DeWeese et al. 2009; Jardine et al. 2013) and the role of 
indigenous communities and indigenous knowledge in risk 
communication (Friendship and Furgal 2012). Friendship and 
Furgal (2012) proposed a set of common guiding principles 
rather than a prescriptive rigid framework for bringing people, 
different cultures and knowledge systems together. 

The importance of the right language and tone of the message, 
good visualization of the message, and the advantages of 
framing have been highlighted by several authors (Connelly 
and Knuth 1998; Tan et al. 2011). Other authors particularly 
highlight the need for monitoring, evaluating and adjusting 
risk communication campaigns (Covello and Allen 1988; Wylie 
et al. 2001; Coffman 2002). 

The ICC survey of Inuit in Alaska, Canada, Russia (Chukotka), 
and Greenland (see Sect. 6.4.6 and ICC 2012) provided the 
following comments about best practices for risk communication 
(Table 6.3). These comments are consistent with those reported 
above and also contain a summary of best practices (see the 
section on ‘General Comments’ in Table 6.3). 

Consideration could be given to the following points when 
using and evaluating social media tools for risk communication 
in the Arctic: 

 • Provide messages in multiple formats, that is, use social 
media tools alongside more traditional forms of risk 
communication.

 • Adopt low-risk social media tools first, that is, those which 
also allow a good entry point into the use of social media, 
and then expand into other tools.

 • Make strategic choices and understand the level of effort 
needed to develop and maintain the social media tools selected.

 • Understand the target group and their preferred social 
media sites; the most effective messages are those tailored 
to specific cultural or demographic groups. Choose 
communication tools that would enhance the receipt of 
information, for example, consider using video or audio 
tools for communities or target groups with low reading or 
computer literacy, consider short clips for youth who may 
be used to shorter bursts of information.

 • Develop social media messages and tools in collaboration 
with the communities they are designed to assist. 

 • Make it easy for people to share the health messages by 
using social media tools with sharing features that can be 

Table 6.3 Inuit views on effective risk communication (ICC 2012).

Region What are the most effective ways to do risk communication?

Alaska, US Input by Inuit into risk communication

Good relationships between co-management entities is most important

Canada Views and preferences on how to do risk communication can vary extensively between different regions and even within 
one region

Russia (Chukotka) Visual digital messaging (e.g. in the form of a film and/or television program) is likely to be successful and efficient for 
distributing messages

Greenland Use television and radio for messages and make messages available online for a more in-depth review afterward

Have local face-to-face meetings with scientists

Have a local perspective with clear messages

Avoid ‘scare’ campaigns

General Comments Recommendations from Inuit on best practices for risk communication include: 

• risk communication should be made by Inuit for Inuit

• sources of data should be locally available, and if there is overall local involvement in the research, chances are higher that 
risk communication is being done properly

• the trust factor is important; it matters very much who does the risk communication. A non-trusted source will create a lot 
of skepticism

• messaging needs to be clear and consistent

• workshops should be held with all groups involved in research (scientists, communicators, locals)

• the use of social media in risk communication should be explored

• the messages should not be just about ‘doom and gloom’

• there needs to be a higher frequency of risk communication – a single fact sheet or just one workshop is forgotten 
very quickly

• the context of the message is important

• it is important that there is enough time allocated to develop proper messaging
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used by others on their organizational or personal websites 
or social networking pages.

 • Evaluate the social media communication efforts throughout 
the full lifecycle of the communication campaign.

 • Acquire feedback from community members to gather 
information on the effectiveness of the messages and social 
media tools. Feedback from the community can also help 
with message adaptation and can help build relationships 
and engagement with communities.

 • Use a flexible framework to allow the risk communication 
strategy to move toward the most useful social media tools.

6.8  Conclusions, recommendations 
and knowledge gaps

6.8.1 Conclusions

There has been little growth in both the scientific activity and 
publication productivity on risk communication research 
and specifically on the evaluation of the effectiveness of 
risk communication initiatives. Modern advisories focus on 
changing behavior patterns by recommending an overall 
healthy diet and consumption of the safest (least contaminated) 
traditional (country) foods. Their overall objective is better 
health and social well-being for the individual and the family. 

A diversity of approaches is necessary for effective communication 
of risk, for example, tone, presentation of information, reading 
level, balanced messages, a variety of ways to reduce risk, and 
messages targeted to particular groups. Optimal practices for 
risk communication in the Arctic include the following aspects:
 • Full awareness of the most vulnerable groups in the 

community
 • Involvement of Arctic indigenous peoples in research and 

communication 
 • Clear and consistent messages
 • Balanced information delivered by trusted sources
 • Multi-pronged approach using a variety of media realistic 

for the region
 • Adapted use of social media 
 • Communicating risk more frequently and for sustained 

periods (years) 
 • Workshops  with  a l l  s takeholders  (sc ient ists , 

communicators, locals)
 • Evaluation of all risk communication before, during and 

after the risk communication period.

Insufficient effort has been directed toward learning how 
best to inform or influence public decision-making to protect 
health and culture in the Arctic compared to the identification, 
monitoring and assessment of effects of human exposure to the 
environmental contaminants. Evaluations of the outcomes or 
impacts of risk communication activities in the Arctic are rare. 

While some authors have concluded that there was a 
successful outcome because human tissue levels declined 
after communication of a contaminant intake advisory, other 
factors unrelated to the advisory may be responsible for the 
declines reported.

Effectiveness evaluations also apply to risk messages used 
to heighten international awareness of contaminant–health 
issues in the Arctic. Risk messages have been effective in global 
negotiations related to contaminants (both the Stockholm 
and Minamata Conventions have been successfully launched 
and mention the particular vulnerability of the Arctic and 
indigenous communities); however, the same messages have 
sometimes resulted in confusion in some local areas where the 
message has been received through the mainstream media and 
may seem to conflict with local advice.

Social media tools can be a way to overcome some of the 
obstacles to communicating in the North by using appropriate 
language and literacy, enhancing reach to remote communities 
or particular target groups (e.g. youth), and engaging the 
communities in two-way communications without the physical 
presence of a health communicator. Health communicators and 
several Aboriginal organizations and governments targeting 
Aboriginal people in the circumpolar North have begun to 
incorporate social media tools into their communication 
strategies online. 

6.8.2 Recommendations

 • The previous AMAP human health assessment (AMAP 
2009) called for more research on the effectiveness of 
communication initiatives. Little work appears to have been 
undertaken and published. There is a need for a focused 
effort in risk communication research that includes 
the evaluation of how successful a risk communication 
strategy has been. The measure of success of a risk 
communication initiative cannot be based solely upon 
declining contaminant levels in the target populations.

 • AMAP (2009) recommended that risk communication 
needs to be developed together with target communities, 
ensuring the use of culturally appropriate methods that are 
tailored to the communities’ needs. This recommendation 
is strongly endorsed. Dialogue with communities may 
include workshops with all stakeholders, use of traditional 
media such as radio messages and/or the adapted use of 
internet/social media. 

 • AMAP (2009) emphasized the importance of undertaking 
risk communication with great care and respect for the 
receiver culture. This remains a strong recommendation. 
Communicators need to be aware of the possible spread 
of messages to audiences that were not originally targeted. 
Messages should be balanced and avoid possible conflicts 
with communications at local versus international levels. 
Identifying vulnerable groups within communities (e.g. 
elders, women of childbearing age, infants and children, 
residents with chronic diseases and those on medications 
that affect the immune system) can improve adaptation 
strategies to reduce their risk of exposure to dietary 
contaminants and disease.

 • Experience to date has shown that developing culturally 
appropriate messages, evaluating their effectiveness, as 
well as the overall coordination of risk communication 
are likely to be important components of successful risk 
communication. Therefore, good risk communication may 
require the establishment of a group of experts with a range 
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of backgrounds (toxicologists, researchers, community 
representatives, public health officials, etc.) who can work in 
a collaborative manner to balance varying perspectives and 
needs. Arctic countries should consider the creation of such 
groups in their respective regions, with the ultimate goal of 
connecting these groups to form an overarching network 
for risk communication in the circumpolar Arctic.

 • Risk communication is not a solution to the Arctic 
contaminant issue. AMAP (2009) endorsed the need for 
strong support of international efforts to restrict the use 
and emission of substances which are persistent, toxic and 
able to accumulate in food chains. This strong support needs 
to continue globally to reduce levels of contaminants in 
the Arctic. It includes supporting and ratifying global 
agreements to regulate contaminants, such as the 
Stockholm Convention on POPs and the Minamata 
Convention on Mercury.

6.8.3 Knowledge gaps

This chapter highlights the clear lack of information on how 
risk communication on contaminants is practiced in several 
Arctic countries. For those countries where information about 
risk communication exists, further research on the evaluation 
of risk communication methods and messages is required to 
promote the development and deployment of more effective 
risk communication strategies. This research should focus on 
methodology for developing and deploying risk communication 
messages, understanding the types of messages and how they 
are received, and identifying methods for evaluating the 
effectiveness of the communication strategies.
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7.  Adaptation in Arctic circumpolar communities: 
Food and water security in a changing climate

Lead author: James Berner
Contributory authors: Michael Brubaker, Boris Revitch, Jake Bell, Moses Tcheripanoff, Eva Krümmel

7.1 Introduction

This is the first AMAP human health assessment report to 
contain a chapter that focuses on adaptation to the environmental 
impact of climate change, with an emphasis on those small 
rural communities with a high dependence on local wildlife 
resources, stable permafrost, ice for winter subsistence hunting, 
and other temperature-critical environmental or ecosystem 
characteristics. Regardless of the Arctic nation in which these 
small communities are located, they share many of the same 
vulnerabilities. These include a small resident population; 
little or no wage-based economy; a remote location, often 
with dependence on air or water transport at great expense; 
unreliable and expensive power generation; susceptibility to 
forest fire, flooding, and coastal erosion of village sites by storms 
or flooding; and failure of key infrastructure owing to thawing 
permafrost, including loss of permafrost containment of tundra 
pond water sources and village sewage lagoons (Huntington 
and Fox 2005; AMAP 2011).

For the purposes of this chapter, Adaptation is defined as the 
ability of a small rural community to tolerate change imposed by 
climate regime change. The changes discussed in this chapter are 
major environmental changes, which directly threaten the security 
of subsistence food (traditional country food) and community 
water supply, and so threaten community sustainability. In this 
context, adaptation is the ability of the community to change, or 
adopt new behaviors, in order to avoid or minimize risk, and to 
be able to continue the most important cultural, economic and 
health-related benefits of the present way of living. The most 
recent assessment of the Intergovernmental Panel on Climate 
Change (IPCC) concluded with a major recommendation that all 
levels of government, in all regions, emphasize the development 
of Adaptation Strategies (IPCC 2014).

This chapter addresses climate-mediated impacts on remote rural 
communities. Some of these impacts are already occurring in 
parts of the Arctic, while other regions have experienced relatively 
few impacts. Adaptation activity is underway in some regions but 
is still at the planning stage in others. Examples of community-
based adaptation strategies are used to illustrate the wide range 
of strategies currently in use. Because this chapter focuses on 
the impacts of environmental change, socio-economic impacts 
and changes in national policy are not addressed here. The often 
profound impacts on infrastructure, especially those related to 
permafrost and ice, are also beyond the scope of this assessment. 
Readers interested in this topic are referred to the relevant 
sections of the Arctic Climate Impact Assessment (Berner and 
Furgal 2005; McCarthy and Long Martello 2005).

Recent completion of the EU-funded project ArcRisk 
(www.arcrisk.eu; see also Sect. 7.5) has resulted in a number of 
findings concerning the influence of climate change on the long-

range transport of contaminants to the Arctic, their accumulation 
in Arctic food webs, and ultimately human exposure through 
the consumption of Arctic wildlife species (fish and marine 
mammals). These findings have provided new insights for further 
work on modeling and estimating the impact of climate change 
on the accumulation of anthropogenic contaminants in the Arctic 
environment, and ultimate human exposure. 

7.2 Categories of environmental threat

The major categories of environmental threat emerging in 
the Arctic are climate change (principally climate warming), 
anthropogenic contaminants, and zoonotic diseases (diseases 
of wildlife communicable to humans). These impacts, and the 
ways in which they interact, present an existential threat to small 
communities through their potential effects on subsistence food 
and community drinking water security. How communities are 
responding to such issues is important. Ideally, the response 
would include assessing the impacts of climate warming on 
infrastructure, food security and water security; prioritizing 
existing threats; identifying the most vulnerable residents; 
developing community-specific adaptation strategies designed 
to reduce risk to the most vulnerable subset of the population; 
and establishing metrics to monitor trends in established 
environmental threats and to detect emerging threats. Human 
biomonitoring is not addressed here as it is fully discussed 
in Chapter 3.

7.2.1 Climate change in the Arctic region

Climate regime change in the circumpolar north varies widely as 
it is greatly affected by proximity to the Arctic Ocean, the Bering 
Sea, the North Pacific Ocean, and the northern extensions of the 
Atlantic Ocean. In addition, seasonal variation in the strength of 
the stable low atmospheric pressure fields (the Aleutian Low in 
the North Pacific and the Icelandic Low in the North Atlantic) 
and high atmospheric pressure fields (over Siberia and Arctic 
Canada) gives rise to very different regional weather patterns. 
The northern extension of the North Atlantic thermohaline 
circulation (known as the Gulf Stream) warms the Labrador 
Sea, and an eastern extension (known as the North Atlantic 
Drift) warms western Europe. Changes in water temperature 
around the eastern shore of the North Pacific (known as the 
Pacific Decadal Oscillation) result in significant differences 
in air temperature over adjacent land masses. There are many 
other cyclical atmospheric and oceanic changes that also 
drive environmental and ecological change, but these are not 
described here further. The annual Arctic Report Card (NOAA 
2014) provides a recent discussion of Arctic climate trends, 
while the Arctic Climate Impact Assessment (ACIA 2005) gave 
an in-depth discussion of many of the underlying mechanisms.
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7.2.2 Anthropogenic contaminants

Environmental contaminants of anthropogenic origin are mostly 
produced and released by sources at lower latitudes and then 
transported to the Arctic by winds, ocean currents, and rivers. 
After entering the northern environment, toxic heavy metals 
(such as mercury and lead) and persistent organic pollutants 
(POPs) enter the Arctic food chain and bioaccumulate through 
successively higher trophic levels. Tissue concentrations of 
lipid-soluble POPs, which have a long half-life in fat tissue, 
may be many hundreds of times higher in top predators than 
in organisms at the lowest trophic level, putting consumers of 
these top predators at risk from toxic effects (see Chapter 4). 
Among the many toxic effects, a major concern is suppression 
of the immune system, making humans, and animals, more 
likely to develop an active infection.

7.2.3 Zoonotic diseases

A number of microbial infections occur in both humans and 
the animals with which they come into contact, and in healthy 
individuals are most often suppressed by the immune system, 
offering no health risk to the animal or human. However, 
under some circumstances, animals and humans can develop 
an infection that has been suppressed for many years. This is 
usually associated with the occurrence of factors that affect 
the immune system such as a decrease in natural immunity 
with age; an immature immune system in infancy; changes 
in immunity during pregnancy, or during treatment with a 
medication that suppresses the immune system such as cancer 
chemotherapy or steroid medications; and exposure to high 
tissue levels of immunosuppressive contaminants. 

The most common zoonotic infections are caused by three 
types of bacteria – Brucella, Toxoplasma, and Coxiella – which 
are found in marine mammals, terrestrial mammals, birds 
and many other animals throughout the circumpolar north. 
There are many other similar infections, which are common 
in some regions, but more localized in their distribution. New 
zoonotic pathogens are spreading north as climate warming 
has made conditions more favorable. Examples include West 
Nile Virus in North America (which has reached the prairie 
provinces of Canada) and tick-borne encephalitis in northern 
Europe. Studies suggest that existing infectious threats may be 
present in greater numbers of subsistence animals and that 
pathogens new to the Arctic may continue to spread northward 
(Hueffer et al. 2013).

7.2.4  Combined effects of climate warming, 
anthropogenic contaminants and 
zoonotic disease

A change in temperature may directly affect community 
infrastructure (including water treatment and sewage treatment 
facilities, power supply, and runways, harbors, roads and schools) 
and community food and drinking water security (defined here 
as adequate supply, adequate access, and adequate information 
concerning food-borne threats such as contaminants and food-
borne disease agents). However, the combined effects of climate 
warming, anthropogenic contaminants, and zoonotic diseases 
also represent a significant risk to the security of subsistence 

food and drinking water supplies. Many circumpolar 
communities, particularly small rural communities, will need 
to develop monitoring and adaptation strategies to deal with 
these interacting risks.

 • The warming climate has resulted in changes in ocean 
and atmospheric contaminant transport, which may have 
increased the movement of organohalogens and mercury 
from lower latitudes to the Arctic (Kallenborn et al. 2012). 
Warmer water in freshwater lakes, tundra ponds and streams 
may result in greater bacterial methylation of mercury, and 
mercury released from thawing permafrost (Stern et al. 2012).

 • Climate-mediated changes in the transport of anthropogenic 
contaminants to the circumpolar region may result in higher 
exposure in subsistence wildlife which could increase the 
risk of immunosuppression, and thus active zoonotic 
infection in these animals. This could result in risk to human 
consumers of infection and toxic effects from contaminant 
exposure (Fisk et al. 2005).

 • The warming climate is enabling southern plant, insect and 
animal species to expand their ranges further north, in some 
cases, into Arctic regions. These species may bring new 
zoonotic diseases with them. Higher winter temperatures 
in the Arctic may increase the winter survival of infected 
animals, raising the risk of hunter/consumer exposure. 

 • The northward expansion of new species has brought new 
water-borne disease, such as tularemia (Rydén et al. 2009; 
Hueffer et al. 2013), and warmer waters in tundra ponds and 
estuaries and nearshore ocean waters can support toxin-
producing cyanobacteria and toxin-producing algal blooms 
(Greene et al. 2011).

 • Longer Arctic summers and warmer winters, with less sea-
ice cover, may increase use of the Northern Sea Route by 
commercial shipping from northern Europe and western 
Russian ports (IPCC 2013), raising the possibility of new 
rat-borne infection from Europe to the North American 
Arctic. Tick-borne encephalitis is one such example 
(Revich et al. 2012).

 • The warming climate may drive changes in the forage 
resources of subsistence species, and thus in the range, health 
and abundance of those subsistence species. The ecosystem 
changes could also impact on existing and newly emerging 
zoonotic pathogens of subsistence species.

7.3  Developing a community-based 
adaptation strategy

The environmental impacts of climate warming, anthropogenic 
contaminants and zoonotic disease on subsistence food species 
and rural drinking water represent direct threats to the 
sustainability of small rural communities and create the need 
for community-based adaptation planning. There are four steps 
in the development of a community-specific adaptation strategy.

1. An assessment of the known, and potential, 
environmental threats. This may require the assistance 
of regional tribal and/or government agencies, as well as 
academic institutions with this assessment capacity.
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2. A community review of the data available and a 
community decision, taking into account traditional 
ecological knowledge (TEK), on prioritizing existing 
and potential threats and selecting the highest priority 
threats for further assessment. Communities rarely have 
in-depth information on the prevalence of zoonotic 
infections or tissue levels of contaminants in subsistence 
species and may require the assistance of regional 
wildlife managers to acquire the necessary data. Such 
as water quality data from regional authorities for use 
as a historical baseline, long-term weather observations, 
permafrost data, and other regional baseline data.

3. Once the relevant data have been obtained, adaptation 
planning can start. A critical part of adaptation planning 
involves identifying the subset of residents most at risk 
for the prioritized threats, which may require assistance 
from regional medical providers. The adaptation strategy 
should be directed at reducing risk for this group.

4. Plans for monitoring key indicators in order to follow 
the trends in threat development, and to identify newly 
emerging threats are the final step in developing a 
community-specific adaptation strategy. Community-
based monitoring will give the community trend data 
on increasing or decreasing risk from the prioritized 
threats, and will allow the adaptation plan to be modified 
accordingly. This activity may benefit from assistance 
by regional agencies with relevant monitoring capacity 
and the ability to train residents and provide equipment 
and supplies.

Data metrics in current use include long-term local 
weather data; environmental parameters, such as water 
temperature and water levels of nitrogen, mercury 
and phosphorus; permafrost temperature; river- and 
sea-ice data; filter paper sampling of animal blood 
by village hunters for the presence of antibodies 
to zoonotic infections (Curry et al. 2014), mercury 
(Hansen et al. 2014), and other contaminants (Burse et 
al. 1997); biological toxin levels (such as from harmful 
algal blooms) in subsistence marine species; shoreline 
changes; and insect vector sampling for the presence of 
pathogenic bacteria.

A useful component of any adaptation strategy, or monitoring 
plan, is to use residents as local environmental observers 
to link new environmental events or observations with 
networks of regional wildlife management agencies, health 
care providers, and academic consultants. This type of 
observer network has proved very useful for early detection 
of significant environmental events and conditions. In Alaska, 
the network of local environmental observers (LEO) often 
provides the first warning of a significant environmental 
event, such as a mass wildlife mortality event in an otherwise 
unobserved remote area. The LEO network of observers 
has also noted the appearance of new species, and signs of 
new wildlife disease events, and can quickly communicate 
each observation via a network of internet-connected LEOs 
(ANTHC 2014).

7.4  Managing the response to 
environmental threats

One of the most important benefits of the multi-step process 
used for developing community-based adaptation strategies 
is that it enables residents to help plan, contribute TEK, and 
participate in the investigation, and so build understanding of 
the most important environmental threats to their community. 
As part of the process, the entire community is involved in 
managing the response to the environmental threats. An equally 
important benefit is the recognition of vulnerable subsets of 
the population, and the development of strategies to reduce 
exposure, and thus risk, where exposure cannot be prevented. In 
terms of harvest plans, for example, this might involve harvesting 
younger and smaller seals to reduce the exposure of infants, 
children and pregnant women to mercury and organohalogens. 
It might involve changing food preparation practices for these 
populations, and for residents on chemotherapy, or those 
with chronic diseases, when a particular species is known to 
have a high prevalence of zoonotic exposure. Using informed 
adaptation plans, the health, cultural and economic benefits 
of the traditional diet can be preserved, and risk to the most 
vulnerable residents can be understood and reduced. The 
following sections provide examples of successful adaptation 
strategies (Sect. 7.4.1 and 7.4.2) and an example of the critical 
role of an LEO network (Sect. 7.4.3).

7.4.1  Seasonal changes to whale hunting 
in Wainwright, Alaska

Coastal communities in the Arctic have long-established 
expertise in traveling on the frozen sea and using sea ice as a 
platform from which to harvest a wide range of food resources. 
In the Iñupiat village of Wainwright in Alaska, this includes 
hunting for bowhead whale, walrus, seal, polar bear, fish, and 
birds. In Wainwright, a sustained west wind in winter will 
‘ground’ the sea ice and cause it to build into large stacked 
sheets attached to the sea floor. An east wind during spring will 
then create a break between the shore-fast ice and the floating 
sea ice, known as a ‘lead’. The lead provides a passage of open 
water through which whales pass on their northward migration. 
The grounded ice provides a platform from which to camp, 
launch boats, and haul out the enormous whales for processing. 
In recent years, however, conditions have been changing. 
Warming has resulted in a decline in sea ice, particularly in 
the thick multi-year ice, and there has been a breakdown of 
the historical wind regimes that are crucial for safe travel and 
hunting conditions on the sea ice. Winds from the northwest 
and south have prevented the grounding of the ice and the 
formation of an accessible lead. The result is new challenges for 
ice-based hunting in Wainwright and other parts of the Arctic.

Starting in the 1980s, hunters in Wainwright began to notice 
changes in the sea ice and to discuss the need for entirely new 
hunting methods. Traditionally, Wainwright hunters pursued 
bowhead during spring, working off the ice shelf on the edge of 
the open water; launching skin boats when a whale was sighted 
and paddling in pursuit to harpoon a passing whale. Only a 
limited number of harpoon strikes are currently allowed by the 
International Whaling Commission, so each attempt must be 
taken with great care. In recent years, unusual wind and poor 
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ice conditions have combined to prevent hunting, sometimes 
for weeks. In some years, ice conditions only improved after the 
whales had passed Wainwright. So, in autumn 2011 with unused 
harpoon strikes available and open water across the Chukchi 
Sea, Wainwright hunters harvested their first autumn bowhead 
whale in the memory of current residents. It may even have been 
the first autumn bowhead harvested from Wainwright since 
the early American whaling era in the Arctic (late 1800s). To 
accomplish this, the hunters had had to acquire larger boats that 
could go further and handle the growing ocean swell generated 
by miles of wind across ice-free seas. If warming continues, 
boat-based hunting may also become common for spring 
hunting. The end result is a new and successful adaptation 
strategy, adding autumn sea-based hunting to the traditional 
spring ice-based hunting and increasing food security for one 
Arctic community.

7.4.2  Maintaining food security – an example 
from the Canadian Arctic

Caribou herds are currently declining in several regions of 
Arctic Canada. For example, the George River migratory 
caribou herd, whose range spans Quebec and Labrador was 
probably around 800,000 animals 25 years ago, was counted 
to around 74,000 animals and declining in 2010, and later 
estimated to be only 20,000 animals. The low numbers 
caused the Government of Newfoundland and Labrador to 

impose a five-year ban on harvesting in early 2013, and the 
Government of Quebec halted sports hunting indefinitely. Prior 
to the five-year ban, the Nunatsiavut Government called on all 
beneficiaries of the Labrador Inuit Land Claims Agreement to 
suspend harvesting immediately for a two-year period, and 
encouraged other aboriginal groups to do the same. 

While the size of caribou herds appears to fluctuate as part of 
their population dynamics, climate change may represent an 
additional stress (www.caribou-ungava.ulaval.ca) that could 
weaken herds to the point of no recovery. A recent survey 
on Baffin Island caribou found that herds there are also 
severely reduced.

Inuit communities that rely on caribou as a staple country 
food are adapting in different ways. For example, Aboriginal 
groups in Quebec and Labrador formed the Ungava Caribou 
Aboriginal Roundtable to work on a conservation plan, while 
several Inuit populations are likely to be consuming more seal as 
a partial replacement for caribou in the diet. However, because 
contaminant levels in seals are generally higher than in caribou 
this could result in increased contaminant exposure for some 
populations, unless they switch to less contaminated foods 
such as musk ox and anadromous Arctic char. Various studies 
are underway on whether climate change is causing higher 
levels of contaminants in marine mammals such beluga and 
seals. Concerns around contaminants and human health in 
the Canadian North prompted the creation of the Northern 
Contaminant Program in 1991, which has regularly measured 
and reported levels, sources and transport of contaminants in 
environment, biota and subsistence species in this region for 
many years (NCP 2013)(See Box 6.1 on page 115).

7.4.3  Applying local observation in response 
to food safety concerns

Climate change in Alaska is causing a wide range of impacts 
on the environment and on the health of animals and people 
(Markon et al. 2012). But in this vast and sparsely populated 
state, systems for monitoring changes in weather, landscape, 
biota, and public health are limited. However, improvements 
in communications and local environmental capacity have 
led the Alaska Native Tribal Health Consortium (ANTHC) to 
develop a system for sharing information on environmental 
impacts and community health effects. This local environmental 
observer network (LEO; see also Sect. 7.3) documents time- 
and location-specific events and encourages communication 
between communities, academic institutions and resource 
agencies to increase understanding about climate and other 
drivers of change and to develop adaptation strategies. LEO 
applies traditional knowledge, western science, and modern 
technology to achieve a robust and effective environmental 
health surveillance system.

LEO is an association of environmental and wildlife managers 
and health professionals located in tribal organizations in Alaska 
and western Canada. There are LEO network members in about 
140 communities. They share observations about unusual 
and unique environmental events, which are then posted on 
public Google maps. Since the program was initiated in January 
2012, the network has compiled a database of observations on 
topics including extreme weather, floods, erosion, ice changes, 

With climate change, a new whaling tradition is developing on the North 
Slope of Alaska. Early retreat of spring ice along the Alaskan Arctic coast 
is making a spring ice-based hunt impractical; traditional skin whaling 
boats (above) are being replaced by more modern boats (below) as ice 
in spring becomes unpredicatable. Photos: Mike Brubaker
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permafrost thaw, invasive species, infrastructure damage, 
environmental contamination and changes in the health, range 
and behavior of fish, insects, birds and wildlife. The utility of 
public observer networks for connecting remote communities 
with technical experts to help address food safety and other 
public health concerns is demonstrated in Box 7.1.

With the likelihood that climate change will continue to 
grow as a global public health challenge, it is important that 
communities have the capacity to monitor, respond, and adapt 
to new events, impacts and health effects. The LEO network 
provides one possible template for engaging communities to 
perform environmental monitoring, improve communication, 
and connect with technical experts and resources as required. It 
is a powerful tool for documenting local events and developing 
effective adaptation strategies for communities in the changing 
Arctic (Brubaker et al. 2013).

Village-based environmental monitoring data can also be used 
for broader applications. For example, data on contaminant 
levels in animal tissue can lead to a better understanding of 
the impact of climate change on the transport and fate of 
contaminants within the Arctic, and on regional trends in 
contaminant levels. Such information can be used to indicate 
the efficacy of national and international programs to reduce the 
production and release of contaminants. Another application 
of village-based environmental monitoring data concerns 
zoonotic diseases. Climate change is affecting the distribution of 

known pathogens within the Arctic and causing the emergence 
of pathogens new to the Arctic, and this is creating a need to 
make residents aware of the possible importance of modifying 
food preparation and storage methods. Regional public health 
and wildlife managers can then follow trends in pathogen 
prevalence in subsistence species. Archived biosamples should 
be preserved for baseline reference in identifying emergence 
of new pathogens or contaminants.

7.5  ArcRisk – key findings for 
community adaptation

One aim of the ArcRisk project (see Box 7.2) was to estimate 
the potential impact of climate change on the bioaccumulation 
of contaminants in an Arctic food web. Although there were 
sufficient data to model the basic structure of an Arctic marine 
food web near Svalbard (such as food web composition, feeding 
relationships, and species-specific properties), there were 
insufficient data, or the uncertainties were too great, to quantify, 
evaluate, and improve the model. This was basically due to a lack 
of good monitoring datasets for multiple species and abiotic 
media. For the bioaccumulation study, seawater samples were 
not taken when the biological sampling was done (2010) and 
species-specific properties such as growth and feeding rates 
were taken from a much earlier study (around 2000). These 
factors were considered largely responsible for the discrepancy 

Box 7.1 A village LEO investigates an alarming color change 
in the village harbor water

In September 2012, the Environmental Program Manager for 
the tribal government of St. George Island (and also the LEO 
for St. George) was informed that the water in the harbor 
had turned red. On St. George Island, residents harvest food 
locally from the land and sea. Their intimate knowledge of the 
climate, environment, and biota translates into exceptional 
observational skills and a wealth of TEK. Consulting with 
local experts and elders, the LEO confirmed that there was 
no memory of this type of event ever having occurred in 
the past. Suspecting a harmful algal bloom and concerned 
about the safety of wild foods harvested from local waters for 
subsistence, he began to acquire information about the event. 
He collected surface and underwater photos (by placing his 
camera in a plastic bag and tying it to an oar), took a video of 
the harbor water, and collected water samples. He then used 
the only microscope on the island, his daughter’s ‘My First 
Microscope’, to examine the samples and find that the cause 
of the red harbor water was a living organism. He then took 
photomicrographs using a point and shoot digital camera 
and posted the observations, images and video on the LEO 
Network website, including details of the event and comments 
about why the event was of local significance.

Once reviewed at the ANTHC Center for Climate and Health, 
the observation was transferred to a public, web-based Google 
map. The map link and a request for assistance was emailed 
to consultants at the University of Alaska Fairbanks (UAF) 
Institute of Marine Science and then by further referral, 
to consultants at the Woods Hole Oceanographic Institute 

(WHOI). Water samples collected by the LEO were sent to 
WHOI for genetic analysis and academic consultants used 
the data to provide a preliminary identification of the bloom 
source; not a dinoflagellate plankton such as is commonly 
associated with toxic red tides, but instead a harmless non-
toxic ciliate called Mesodinium rubrum. Within a week of 
posting his observation, the LEO and the village had the 
answer and the findings were distributed to St. George Island 
residents. The outcome and guidance for future events were 
posted on the original Google map and shared with the LEO 
membership via webinar. Based on concerns about harmful 
algal blooms in Alaska, a topic-based web map was then 
developed by UAF, WHOI and LEO to track related future 
events posted by the network.

The LEO for the community of St. George, Alaska, with a home-made 
sample bottle, and his daughter’s school microscope.
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observed between measurements and model predictions. Given 
the difficulty of evaluating models of bioaccumulation in 
Arctic food webs under present-day climate conditions, it was 
considered almost impossible to predict how global climate 
change might affect bioaccumulation in the future, and thus 
human exposure, with any degree of certainty. Datasets are 
needed in which multiple species and abiotic media are sampled 
at the same time and analyzed for organic pollutants. Such 
datasets should enable improved understanding and more 
accurate bioaccumulation models for Arctic food webs. Basic 
research is also needed on how food webs, and ultimately 
human diets, are likely to respond to global climate change. 

Dietary transitions, which may be partly a consequence of 
changes in the availability of local food items due to climate-
mediated changes in habitats, are expected to play a greater 
role in future changes in POPs exposure (Armitage et al. 2011; 
Quinn et al. 2012; Gouin et al. 2013).

7.6  Conclusions and recommendations 
for addressing gaps in knowledge

The challenges posed by the combined impact of climate 
change, anthropogenic contaminants and zoonotic diseases 
on small, isolated Arctic communities will need to be met with 
adaptation strategies that aim to ensure effective responses to 
these challenges in order to maintain and enhance the stability 
of the community. Several examples of community-based 
responses have been presented in this chapter. Some conclusions 
based on these examples include the following: 

 • The community impacts of Arctic warming differ across the 
circumpolar region and tend to be more severe in regions with 
infrastructure dependent on permafrost stability and where 
ice is needed for travel, hunting and the protection of shoreline 
from coastal erosion during autumn and winter storms.

 • Disruptive impacts on subsistence food species include changes 
in their range and a possible increase in the transport of some 
contaminants to the Arctic from source regions at more 
southerly latitudes and thus higher levels in top predators. This 
creates the potential for increased susceptibility of subsistence 
species to existing and emerging zoonotic pathogens.

Box 7.2 Overview of the ArcRisk project 

The ArcRisk project (Arctic Health Risks: Impacts on health 
in the Arctic and Europe owing to climate-induced changes 
in contaminant cycling), an EU-funded project implemented 
between mid-2009 and 2014, aimed to investigate the potential 
influence of climate change on the exposure of humans to 
contaminants in the Arctic and, for comparison, several areas 
of Europe. The contaminants were mainly persistent organic 
pollutants (POPs) and mercury.

The project had three main components: modeling long-range 
transport of contaminants to the Arctic and the anticipated 
influence of climate change on these transport pathways; 
field and laboratory studies of contaminants in the Arctic 
environment and in fish and other animals consumed as 
traditional foods by indigenous peoples; and studies of 
contaminant levels in cohorts of human populations in the 
Arctic and northern Europe and, for comparison, in exposed 
populations in the Mediterranean area. Critical reviews of the 
effects of several contaminants on specific health outcomes 
were also conducted based on the results of studies published 
in the scientific literature.

The ArcRisk project has contributed to a better knowledge 
of climate change impacts on the transport pathways of 
contaminants to the Arctic, their transfer through abiotic 
Arctic ecosystems, and their accumulation in food webs, as 
well as to a better understanding of human exposure and 
the health effects of contaminants in the Arctic and selected 
populations in Europe. ArcRisk results indicate that the direct 
effects of warmer conditions on the transport of contaminants 
from source regions to the Arctic will not be large; however, 
climate change will increase the exposure risk for some 
contaminants and decrease it for others, depending on the 
specific physico-chemical properties of the contaminant. 

Future climate-mediated changes in the Arctic, such as altered 
biotopes and thus availability of fish and marine mammals 
used for human consumption, and increased exploitation of 
natural resources, may have a far greater influence on human 
exposure to contaminants than direct climate effects.

The project highlighted the need for better characterization of 
sources and more accurate quantification of POPs emissions 
in order to improve prediction of environmental exposure 
to these contaminants. More information is needed on 
the transformation products that may be formed under a 
warmer climate and on their impact on the health of Arctic 
ecosystems and humans. Improved modeling of contaminant 
bioaccumulation in ecosystems is also needed to reduce the 
large uncertainties involved in quantifying and evaluating 
human exposure to contaminants in the Arctic. More effort 
is needed to generate datasets in which multiple species and 
abiotic media are sampled at the same time and analyzed for 
organic pollutants.

The ArcRisk project has highlighted the importance of 
systematic and well-documented epidemiological research on 
the human health impacts of contaminants. Reviews of health 
outcomes in relation to several POPs were prepared within the 
project based on the screening of a large number of scientific 
studies in the literature. However, the complexity and diversity 
across studies in terms of variables selected and reporting 
practices made it difficult to combine and compare the original 
studies to obtain a coherent meta-analysis. To permit meta-
analyses of results on health outcomes of contaminants to 
determine the magnitude of effects, reports should provide 
more background details, including tables of the basic data 
and descriptive statistics on the distributions of response and 
explanatory variables. 
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 • Disruptive climate-mediated impacts on rural drinking 
water systems and freshwater ponds and lakes include newly 
arriving species carrying potential waterborne pathogens, 
harmful algal blooms, and thawing permafrost containment 
of ponds used for community drinking water.

 • Environmental threat assessment methods allow a 
community to establish existing and emerging threats, 
and to identify those residents that are most vulnerable to 
the prioritized threats. With appropriate technical support 
from the relevant agencies, communities can then develop 
adaptation strategies for responding to the threats identified. 
These strategies will focus on reducing exposure and risk. 
With the various elements of the strategy having been 
developed, metrics are selected to monitor trends in priority 
threats, recognize new threats as they emerge and evaluate 
the success of the adaptation strategy.

 • Community-based environmental monitoring networks can 
help provide the data needed to better understand the effects 
of global climate change on movement of contaminants and 
pathogens through the Arctic region.

Gaps in knowledge concerning adaptation strategies for Arctic 
communities in a warming climate, particularly in terms of 
food and water security, may be addressed by:

 • Continuing the development of culturally-specific risk 
communication.

 • Developing regional models of contaminant transport, 
especially local release from thawing permafrost.

 • Improving regional and circumpolar knowledge of the 
prevalence and trends in zoonotic pathogens in key 
subsistence species, and identifying intermediate and 
transport host species for key pathogens.

 • Undertaking a systematic international circumpolar 
evaluation of pathogen and contaminant monitoring 
protocols, and basic public health adaptation strategies, to 
ensure the comparability of different monitoring data sets.
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8. Key findings and recommendations

Authors: Shawn Donaldson, Bryan Adlard, Jon Odland

The Arctic Monitoring and Assessment Programme (AMAP) 
2015 human health assessment is an update of the previous 
human health assessment published by AMAP in 2009. The 
objectives of the 2015 assessment are two-fold. First, to report 
on recent AMAP human health-related work to fulfill requests 
from the Arctic Council Ministers at their meeting in Kiruna 
(Sweden) in 2013 regarding the health of Arctic peoples in 
relation to pollution, climate change and the combined effects 
of stressors. Second, to fulfill AMAP’s commitments to support 
the Stockholm Convention on Persistent Organic Pollutants 
(POPs) and the Minamata Convention on Mercury, regarding 
human health-related issues. This report also provides further 
information and policy-relevant scientific recommendations 
for Arctic governments in their efforts to take remedial and 
preventive actions relating to contaminants. Moreover, the report 
addresses, for the first time, the effects of multiple stressors on 
small remote communities. Most of these communities are 
highly dependent on local wildlife resources for food, and are 
also highly impacted by environmental changes following a 
climate regime shift.

Evaluations of individual and population-based impacts 
of contaminants must be placed within the context of the 
general health status and vulnerability of indigenous and 
non-indigenous Arctic residents. Changing economies, climate, 
and social structures within the circumpolar region also play 
a significant role in health and well-being. In general, the 
conclusions and recommendations of the AMAP 2009 human 
health assessment are still valid. However, new monitoring data 
and scientific research, and the detection of emerging threats 
from zoonotic diseases (diseases of wildlife communicable 
to humans), have led to a strengthening of the previous 
conclusions as well as to several new conclusions.

The purpose of this chapter is to summarize the key findings and 
recommendations from the preceding chapters on human health 
in the Arctic. The ultimate goal is to identify clearly what has 
changed over the past six years in knowledge of contaminant-
health interactions and to provide recommendations for 
consideration by public health practitioners, health and 
environment policy makers, and governments.

The main conclusions of the report are as follows: 

 • Human exposure to most POPs and metals is declining 
across many parts of the Arctic, but remains high among 
certain populations including some Inuit in Canada and 
Greenland. Even where levels of contaminants have declined 
significantly, current levels of several contaminants, such as 
mercury, are still a concern and still exceed blood guidance 
levels in some regions. 

 • Compounds such as certain brominated flame retardants 
and perfluorinated contaminants (PFCs) have been 
measured in human populations living in the Arctic. These 
and several other emerging contaminants can be transported 
to the Arctic from their source regions at lower latitudes, 

where they may not be internationally regulated, and thus 
can still be in widespread use. 

 • Dietary advice can be complex for several reasons: varying 
contaminant levels in different traditional foods and 
different areas of the Arctic; limited access to, or choice of, 
imported foods in remote communities; and shifting food 
preferences or availability of traditional foods among Arctic 
populations. Consumption of most traditional foods is still 
recommended as a healthy food choice, although preference 
is given to foods that are lower on the food chain, containing 
lower concentrations of contaminants.

 • Several ongoing cohort studies in the Arctic and 
elsewhere provide increasing evidence for effects of 
contaminant exposure on fetal growth and development 
and cardiovascular effects and neurodevelopmental effects 
related to dietary mercury exposure. In addition, recent data 
indicate a reduced vaccine response in children associated 
with exposure to fluorinated substances. 

 • Interactions between climate change and contaminant 
transport have the potential to change human exposure in 
the Arctic significantly. Current understanding is inadequate 
to determine the likelihood and magnitude of the health 
impacts of these changes in exposure. 

8.1  Key findings from the 2015 human 
health assessment

This human health assessment has documented several new 
findings that support previous conclusions as well as some 
that support new conclusions. These findings were drawn 
from research and monitoring activities that have taken place 
since the previous AMAP human health assessment report 
was released in 2009. 

8.1.1 Biomonitoring

Biomonitoring is key to understanding past and current 
human exposure to contaminants, as well as for understanding 
whether levels are staying the same, increasing or decreasing 
spatially and/or temporally. This is important for tracking the 
effectiveness of international agreements such as the Stockholm 
Convention on Persistent Organic Pollutants and the Minamata 
Convention on Mercury. Biomonitoring can also aid in tracking 
the effectiveness of local dietary advice from health authorities 
intended to reduce human exposure to harmful substances.

 • Levels of most POPs and metals measured in human tissues 
are declining in many regions of the circumpolar Arctic, 
although the decline is not uniform. Despite significant 
declines, certain sub-populations remain at risk.

 � Human tissue concentrations of  many POPs, 
including polychlorinated biphenyls (PCBs) and 
dichlorodiphenyltrichloroethane (DDT), remain 
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elevated in some areas, particularly in eastern Canada 
and Greenland.

 � Human tissue concentrations of polybrominated diphenyl 
ethers (PBDEs) do not behave like most other POPs, which 
suggests an alternative exposure route. Baseline levels of 
several PFCs such as perfluorooctane sulfonate (PFOS) 
have been established in several Arctic regions; however 
there are insufficient data to describe trends.

 � Inuit continue to have the highest exposure levels of 
dietary mercury in the Arctic and their blood mercury 
concentrations are among some of the highest in the 
world. In Canada and Greenland, a substantial number 
of Inuit pregnant women and women of childbearing age 
still exceed some national blood guidelines. 

 • The results of the Tromsø Study, a population-based health 
survey in which POPs data were collected systematically 
between 1979 and 2008, indicated that human tissue 
concentrations followed calendar year dependent patterns. 
This trend and the changing composition of different POPs 
in serum over the past three decades, reflects the overall 
trends in production, use and release of the different POPs 
along with compound-specific persistence, bioaccumulation 
potential and global transport mechanisms. 

8.1.2 Health effects

Different epidemiological studies in the circumpolar area 
have shown associations between contaminants and various 
health outcomes. It is important to note that associations 
are not the same as causal relationships between exposure 
to a single substance (or substances) and an effect. When 
finding an association between a contaminant and an 
effect, it is important to bear in mind the possibility that 
the studied substance is a proxy for other substances in the 
mixture of contaminants to which the study population has 
been exposed – both harmful and beneficial. The effects 
reported below are findings from different communities in 
the Arctic. However, due to differences in genetic composition, 
socio-cultural practices, local food consumption patterns 
and exposure mixtures, a finding in one population should 
not be extrapolated to another population without careful 
investigation and comparative information.

Neurobehavioral effects: Effects associated with methylmercury 
exposure have been documented in humans at successively 
lower exposures and it is clear that the developing brain is the 
most vulnerable organ system. Studies in the Faroe Islands 
and in Nunavik show that children exposed to methylmercury 
in utero exhibit a range of neurobehavioral effects (e.g. decreased 
motor function, attention span, verbal abilities, memory, and 
other cognitive functions including IQ, attention problems and 
hyperactive behavior) and that the effects are dose-dependent: 
the greater the mercury exposure, the greater the effect. Follow-
up studies suggest that the deficits could be permanent. Given 
the continued development of the nervous system after birth, 
postnatal exposure to methylmercury is also likely to cause 
adverse effects, although the evidence is inconsistent. Some of 
the adverse effects of methylmercury on neurodevelopment 
may be masked by beneficial effects of seafood nutrients. 
Neurobehavioral effects of lead and PCB exposure are less clear. 

Immunological effects: Certain environmental pollutants can 
adversely affect the development of the immune system. 
Young children in Nunavik have had a high incidence of 
infectious diseases (such as meningitis, bronchopulmonary 
infections, and middle ear infections) for many years. Recent 
studies to investigate the possibility that this could be partly 
due to maternal transfer of organochlorines with known 
immunotoxic properties during breastfeeding show that 
that prenatal exposure to organochlorines does increase 
susceptibility to infectious diseases (in particular otitis media). 
Most experimental evidence points to the role played by the 
dioxin-like PCB congeners. Perinatal exposure to PCBs and 
(especially) perfluorinated compounds in Faroese children 
has been associated with lower than expected antibody 
production after routine childhood immunizations. This 
decreased effect of childhood vaccines may indicate a more 
general immune system deficit through immunotoxicant 
exposure. The implications of inadequate antibody production 
highlight the need to significantly reduce immunotoxicant 
exposure in Arctic populations, as well as the need for long-
term assessments of the health risks associated with exposure 
to immunotoxic contaminants.

Reproductive effects: There has been a significant and widespread 
decline in sperm count since at least the mid-20th century, with 
semen quality in Danish and Faroese men particularly low 
compared to men from other European countries. Although the 
causes of this decline are still unclear, high levels of PCBs have 
been linked to low semen quality. Other studies have found no 
consistent links between reproductive function in men and, for 
example, PFCs or high PBDE levels. Prenatal lead exposure is 
known to cause poorer growth in school-age children. Further 
study is needed on the influence of environmental exposure 
and genetic factors, particularly in relation to semen quality. 

Cardiovascular effects: Studies show that the cardiovascular 
system may be vulnerable at high methylmercury exposures. 
Results are inconsistent, however. Some studies find a link 
between mercury and higher blood pressure (Nunavik adults 
and male whale hunters in the Faroe Islands) while others do not 
(Greenland adults). Heart rate variability is also affected, with 
decreased variability observed in mercury-exposed Nunavik 
adults and children, and James Bay Cree adults. The Faroese 
cohort study found prenatal mercury exposure affects cardiac 
autonomic activity in children. Whether this could be used 
as a predictor of chronic heart disease in adults is unknown. 

Endocrine effects: Endocrine-disrupting chemicals can mimic, 
interfere with or block the function of endogenous hormones 
and so cause adverse developmental, reproductive, neurological, 
cardiovascular, metabolic and immune effects in humans. 
Exposure during early stages of fetal and neonatal development 
is especially critical and can disrupt the normal pattern of 
development and thus dramatically alter disease susceptibility 
in later life. The hormone disruptive effects of extracted 
lipophilic POPs from human serum have been demonstrated 
in epidemiological studies in Greenland. The combined effects of 
the POPs mixtures in serum was shown to include interference 
with steroid hormone receptor functions as well as the dioxin Ah-
receptor. In addition, the combined effects of POPs mixtures in 
serum on the androgen receptor was a significant risk biomarker 
for breast cancer development in Inuit women.
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Carcinogenic effects: During the latter half of the 20th century, 
cancer incidence increased substantially among all circumpolar 
Inuit in the Arctic region, especially for the lifestyle-associated 
lung, breast and colon cancers. Lung cancer now constitutes 
about 20% of all cancers in Inuit. Overall cancer rates now seem 
comparable to those of the United States, Canada and Denmark. 
The recent change in lifestyle and diet and thus environmental 
contaminant exposure of the Inuit might play a role in this. 

Effect modifiers: Different chemical substances may target the 
same organ and induce similar effects in an additive or non-
additive way. Because most studies concern human exposure 
to single chemicals rather than chemical mixtures, negative 
confounding could cause underestimation of those chemicals 
causing toxicity (e.g. methylmercury in seafood) and those having 
benefits (e.g. polyunsaturated omega-3 fatty acids in seafood).

8.1.3 Risk description

Risk assessment of the effects of environmental contaminants 
is an essential tool in the overall process for protecting the 
health of Arctic residents. A number of methods are available. 
One of the biggest challenges is how to translate contaminant 
concentrations measured in blood into information useful for 
risk characterization (i.e. the likelihood that specific effects will 
occur at these concentrations). Risk profiles are tools used in the 
Stockholm Convention review process for assessing whether 
particular chemicals are possible POPs. The risk profiles 
describe hazards, exposures and national/regional action on 
the substances under consideration. 

ArcRisk was a project funded by the European Union and 
coordinated by AMAP. The health-related aspects of the project 
were implemented to compare diets, sources of exposure, 
blood contamination levels for mercury and POPs, and the 
influence of changing climate on human levels of contaminants 
in Arctic cohorts and, for comparison, cohorts from several 
areas of Europe. 

 • There was a large amount of inter-individual variation in 
mercury concentration within the ArcRisk study groups. 
Consumption of fish in the Mediterranean region and 
consumption of some species or parts of fish and marine 
mammals in the Arctic are the main sources of exposure 
to mercury in humans in both regions. Other sources of 
mercury exposure can also be important (dental amalgam, 
inhalation of elemental mercury in air, and ingestion 
of inorganic mercury in food particularly in highly 
contaminated areas) but their contribution is minor 
in comparison.

 • ArcRisk results indicate that the direct effects of warmer 
conditions on the transport of contaminants from source 
regions to the Arctic will not be large; however, climate 
change will increase the exposure risk for some contaminants 
and decrease it for others, depending on the specific physico-
chemical properties of the contaminant. Future climate-
mediated changes in the Arctic, such as altered biotopes 
and thus availability of fish and marine mammals used for 
human consumption, and increased exploitation of natural 
resources, may have a far greater influence on human 
exposure to contaminants than direct climate effects.

8.1.4 Risk communication

The objective of risk communication activities is to inform 
individuals and communities of ways to improve their health 
and social well-being. Modern food advisories in the Arctic 
focus on changing behavior patterns by providing high quality 
information and recommendations for an overall healthy diet, 
including the consumption of the safest traditional foods. 

 • There has been little progress in evaluating the effectiveness 
of risk communication activities in the Arctic. While it is 
reported that declining human tissue levels are due to 
successful local food advisories, scientific evaluations which 
attempt to measure the success of risk communication 
activities and that take into account declining marine 
mammal and fish consumption and environmental 
concentrations, are lacking.

 • While risk messages have been effective at several levels 
(including internationally during UN treaty negotiations), 
the messages can be misconstrued in subsequent media 
reporting. This can cause confusion in local areas where the 
messages are received through various mainstream media 
and can appear to conflict with local advice.

 • The use of electronic two-way social media tools (e.g. blogs, 
tweets and social networking sites) is likely to increase in the 
Arctic over the next five years and may be suitable in some 
situations for providing and receiving messages related to risk 
reduction strategies. Social media tools may help overcome 
some of the obstacles to communicating in the North by 
using appropriate language and literacy, enhancing reach to 
remote communities or particular target groups (e.g. youth), 
and engaging the communities in two-way communications 
without the physical presence of a health communicator.

 • Risk communication on contaminants is an important 
interim mechanism to reduce peoples’ exposure to harmful 
chemicals. While there has been a significant reduction in 
exposure to contaminants in the Faroe Islands since the 
implementation of risk communication messaging regarding 
consumption of pilot whale, this has also had a considerable 
impact on Faroese cultural identity. 

8.1.5 Climate change adaptation

Climate change is resulting in major environmental changes 
within the Arctic that directly threaten the security of traditional 
foods and community water supply and thus threaten community 
sustainability. In this context, climate change adaptation is defined 
as the ability of a community to change, or adopt new behaviors, 
in order to avoid or minimize risk, and to be able to continue the 
most important cultural, economic and health-related benefits 
of the present way of living.

 • The most pronounced impacts of climate change in the Arctic 
occur in small communities in regions with infrastructure 
dependent on permafrost stability and where ice is needed 
for travel, hunting and the protection of the shoreline from 
coastal erosion.

 • Climate change will have impacts on food species and 
contaminant transport as well as on existing and emerging 
zoonotic pathogens. A disruptive impact on drinking water 
systems is also likely. 
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8.2 Knowledge gaps

8.2.1 Biomonitoring

 • Knowledge gaps remain for the main routes of human 
exposure in the Arctic for contaminants such as PBDEs. In 
addition, there are few data available for some new POPs, 
including contaminants newly listed under the Stockholm 
Convention, or those substances being considered for 
addition. Screening studies are needed to identify the 
presence and accumulation of these contaminants in the 
Arctic. Insufficient information is available on sources, 
health effects and exposure information.

 • Studies suggest that climate-mediated environmental 
changes are occurring in the Arctic, affecting the safety 
of transport, hunting, trapping and fishing practices. 
The impact on wildlife health and availability/access of 
wildlife species as a traditional (country) food resource 
for Arctic residents is not fully understood. Information 
on contaminant transport and behavior in response to 
climate change is lacking, because many predictive models 
of contaminant transport and behavior do not account for 
a changing climate. 

8.2.2 Health effects

 • Follow-up studies on mother-child cohorts are needed to 
elucidate the impact of contaminant exposure during fetal 
life and the risk of disease later in life. 

 • Some studies have suggested potential effects of PCBs 
and PFCs on the immune system of children in the 
Arctic, however further studies are needed to improve 
understanding and quantify this relationship.

 • Studies have suggested that exposure to certain POPs, such as 
PCBs, DDE, brominated flame retardants and perfluoroalkyl 
acids, are associated with an increased risk of developing 
Type 2 diabetes in Arctic populations. Despite recent studies, 
current knowledge remains limited. 

 • Cancer incidence has increased substantially among all 
circumpolar Inuit, especially for lung, breast and colon 
cancers, and the reasons for this are unclear, including 
the contribution of lifestyle changes and/or exposure to 
environmental contaminants. Studies are needed that focus 
on the relationship between cancer incidence, lifestyle 
changes and exposure to environmental contaminants in 
Arctic populations. 

 • Genetic predisposition to mercury neurotoxicity due to 
heterogeneities in relevant genes has been suggested, 
however studies in the Arctic are limited and are needed 
to explore this possibility. 

8.2.3 Risk description

 • Methodological approaches are lacking for estimating risks 
of single substances and mixtures of substances. These 
approaches could build on current toxicokinetic modelling 
(estimating exposure and risk from blood concentrations) 
and CoZMoMAN models (calculating human body 
burden from environmental emissions and exposures). 

Systematically collected monitoring data are essential 
for future risk estimation in Arctic populations. Further 
development of in vitro/ex vivo methods using serum POPs 
mixture extracts would also be useful for risk estimation 
and understanding the underlying cellular mechanisms.

 • Most Arctic populations are living in large or medium-
sized cities, and this trend will continue; for example, in 
Arctic Russia half the population is living in nine big cities. 
However, there are few studies or follow-up programs about 
Arctic urban environmental health risks.

 • There is a lack of information about the genetic factors which 
could play a role in heightened health risks of some isolated 
populations in the Arctic.

 • High inter-individual variations in mercury levels were 
identified in the ArcRisk project in some population groups; 
the reasons for this are unknown and further follow-up is 
needed on the causes, as well as on the underlying biological 
mechanisms. 

8.2.4 Risk communication

 • There is a lack of information on how risk communication 
on contaminants is practiced in several Arctic countries.

 • For those countries where information about risk 
communication does exist, there is a lack of information 
on the success of the risk communication. The measure of 
success cannot be based solely on declining contaminant 
levels in the target populations. 

 • There is currently insufficient information on the possible 
use and effectiveness of electronic two-way social media 
tools in risk communication efforts.

 • Research is needed on the development and deployment 
of risk communication messages, how they are received, 
understood and implemented, and methods for evaluating 
the effectiveness of the communication strategies, notably 
among different risk groups (elders, youth, pregnant women, 
and women of childbearing age).

8.2.5 Climate change adaptation

 • Monitoring is lacking for early detection of climate-induced 
human health threats. Essential monitoring elements 
include contaminant levels in humans and consumed food 
species, zoonotic diseases in wildlife (i.e. animal-borne 
diseases communicable to humans), and observations 
of environmental parameters such as water quality, ice, 
permafrost, and weather.

 � Regional models of contaminant transport are lacking, 
especially concerning local release from thawing 
permafrost.

 � There is limited understanding of the prevalence and 
trends in zoonotic pathogens in key subsistence species, 
particularly at the regional level. 

 � There is a lack of regional information on availability 
and accessibility of wildlife as traditional foods, and 
information on shifts in traditional foods consumed in 
relation to a changing environment.
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8.3 Key recommendations

Based on the key findings of this assessment, recommendations 
for policy makers and for future research activities in the Arctic 
are as follows:

 • Further monitoring of contaminants is needed in all 
Arctic regions to determine whether the declining trends 
of some POPs continue, and monitoring of ‘emerging’ 
chemicals is also needed. Additional studies are needed 
to better understand recently observed health effects and 
risks associated with current levels of exposure in the Arctic. 

 • It is critical to continue to generate biomonitoring data 
in a coordinated, international approach, as this is key 
to providing a globally comparable data set which will aid 
in understanding trends. This is important for tracking 
the effectiveness of international agreements such as the 
Stockholm Convention on Persistent Organic Pollutants 
and the Minamata Convention on Mercury.

 • Biomonitoring studies show that mercury exposure is still 
very high among women of childbearing age and pregnant 
women in certain regions of the Arctic. Recent studies in 
Nunavik and the Faroe Islands confirm persistent, significant 
and multiple adverse neurodevelopmental outcomes in 
children and teenagers. Strong international efforts 
should be made to reduce mercury emissions from all 
anthropogenic sources as quickly as possible. 

 • Based on strengthened associations between prenatal exposure 
to methylmercury and neurobehavioral deficits at school age 
after adjustment for seafood nutrients such as polyunsaturated 
omega-3 fatty acids, future studies on the effects of mercury 
should include and incorporate an analysis of seafood 
nutrients to avoid underestimating the associations between 
childhood deficits and methylmercury exposure.

 • Evaluation of the impacts of environmental contaminants 
on human health in the Arctic is complex, due to the many 
factors jointly influencing health. While many persistent 
substances have been regulated or banned and others are being 
phased out, new chemicals are being introduced that have not 
been studied adequately under the conditions of an Arctic 
ecosystem. Precautionary approaches to chemical evaluation, 
introduction and general management are required for the 
‘emerging’ chemicals in the absence of full test data.

 • Conclusions drawn in the literature about the effects of 
contaminant exposure on health outcomes are based on 
a variety of methods, study designs and techniques for 
analysis, which has made it very difficult to combine and 
compare original studies. Studies should focus more on 
reporting descriptive statistics about the distributions 
of response variables and explanatory variables which 
are needed when summarizing and meta-analyzing the 
magnitude of effects.

 • During the past five years there have been several EU-funded 
research projects on the health risks of environmental 
contaminants which have included Arctic population data sets. 
Study protocols should be harmonized wherever practical 
to improve opportunities for comparing contaminant levels 
and effects data between different regions of the world.

 • Biomonitoring research that is linked to environmental 
change is required to understand how climate change may 
influence contaminant levels in wildlife and humans as well 
as the availability/access of Arctic populations to traditional 
foods including wildlife food species.

 • As environmental contaminants are not the only threat to 
Arctic populations, adaptive strategies need to be developed 
at the community level that address contaminants, 
climate change and emerging zoonotic diseases, as well 
as interactions between these factors. Development of 
comparable international and circumpolar monitoring 
protocols for pathogens and contaminants would simplify 
the development of generalized human and wildlife public 
health adaptation strategies. As the effects are not uniform 
across the Arctic, region-specific adaptation strategies will be 
required and could be built in part upon the general strategies.

 • Continued participation of analytical laboratories in an 
external QA/QC program is critical to ensuring high quality 
and comparability of human biomonitoring data on POPs and 
metals across the Arctic. Small errors can have large impacts 
on interpretations of data, and therefore it is recommended 
that laboratory participation in an external QA/QC program 
is mandatory, in order for AMAP to demonstrate convincingly 
that spatial and temporal trends in exposure levels are real 
and not a result of analytical artifacts.

 • Communicating the risks and benefits associated with 
dietary choices of both traditional and imported foods 
must be done carefully and in partnership with affected 
communities, taking into account a wide range of factors 
(social, economic, cultural), to ensure that advice is culturally 
appropriate.

 • Communicators need to be aware of the possible spread 
of messages to audiences that were not originally targeted. 
Messages should be balanced and avoid, where possible, conflict 
with communications at regional versus international levels.

 • Vulnerable individuals in communities should be 
identified as this can improve the development of 
population-specific adaptation strategies to reduce their 
risks of exposure to dietary contaminants and disease. 
Such individuals include elders, women of childbearing 
age, infants and children, residents with chronic diseases 
and those on medications that affect the immune system.

 • Risk communication is not a solution to the Arctic 
contaminant issue. Continued efforts globally are required 
to reduce levels of contaminants in the Arctic. This 
includes ratifying and supporting global agreements to 
regulate contaminants, such as the Stockholm Convention 
and the Minamata Convention.

139Chapter 8 · Key findings and recommendations
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Acronyms and Abbreviations

5-cx-MEPP Mono(2-ethyl-5-carboxypentyl) phthalate;

5-OH-MEHP Mono(2-ethyl-5-hydroxyhexyl) phthalate

5-oxo-MEHP Mono(2-ethyl-5-oxohexyl) phthalate;

7-cx-MMeHP Mono-(4-methyl-7-carboxyheptyl)phthalate

7-OH-MMeOP Mono-(4-methyl-7-hydroxy-octyl)phthalate;

7-oxo-MMeOP Mono-(4-methyl-7-oxo-octyl)phthalate;

ACCEPT Adaptation to Climate Change, Environmental 
Pollution, and Dietary Transition (project)

ADHD Attention-deficit hyperactivity disorder

AhR Aryl hydrocarbon receptor

AMAP Arctic Monitoring and Assessment Programme

ArcRisk Arctic Health Risks: Impacts on health in the 
Arctic and Europe owing to climate-induced 
changes in contaminant cycling

As Arsenic

BFR Brominated flame retardant

BMI Body mass index

BPA Bisphenol A

Cd Cadmium

CDC Centers for Disease Control (US)

CHMS Canadian Health Measures Survey

CSF Cancer slope factor

cx-MiNP monocarboxylated mono-isononylphthalate

DDD p,p’-Dichlorodiphenyldichloroethane

DDE p,p’-Dichlorodiphenyldichloroethylene

DDT Dichlorodiphenyltrichloroethane

DHA Docosahexaenoic acid

EPA Environmental Protection Agency (US)

EQAS External quality assessment scheme

FOSA Perfluorooctanesulfonamide

FSH Follicle-stimulating hormone

HBCD Hexabromocyclodecane

HCB Hexachlorobenzene

HCH Hexachlorocyclohexane

Hg Mercury

HQ Hazard quotient

ICC Inuit Circumpolar Council

IHS Inuit Health Survey

IPCC Intergovernmental Panel on Climate Change

LEO Local environmental observer

LOD Limit of detection

MBzP Monobenzyl phthalate

MeHg Methylmercury

MEHP Mono(2-ethylhexyl) phthalate

MEP Mono-ethyl phthalate

MISA Northern Norway mother-and-child 
contaminant cohort study

Mn Manganese

MnBP Mono-n-butyl phthalate

MONICA Monitoring of Trends and Determinants in 
Cardiovascular Disease Study

NCP Northern Contaminants Program (Canada)

NCDS Nunavik Child Development Study (Canada)

NHANES National Health and Nutrition Examination 
Survey (US)

NHS Nunavik Health Survey

NIHS Nunavut Inuit Health Survey

OC Organochlorine pesticide

OH-MiNP Monohydroxylated mono-isononylphthalate

oxo-MiNP Monooxidated mono-isononylphthalate

Pb Lead

PBDEs Polybrominated diphenyl ethers

PCB Polychlorinated biphenyl

PCP Pentachlorophenol

PFASs Per-and polyfluoroalkyl substances

PFC Perfluorinated compound

PFDA Perfluorodecanoate

PFDoDA Perfluorododecanoate

PFAAs Perfluoroalkyl acids / polyfluoroalkyl substances

PFHpA Perfluoroheptanoate

PFHpS Perfluoroheptane sulfonate

PFHxS Perfluorohexane sulfonate

PFNA Perfluorononanoate

PFOA Perfluorooctanoic acid

PFOS Perfluorooctane sulfonate

PFTrDA Perfluorotridecanoate

PFUnDA Perfluoroundecanoate

POP Persistent organic pollutant

PTS Persistent toxic substance

QA Quality assessment

QC Quality control

Se Selenium

SHBG Steroid hormone-binding globulin 

TBBPA Tetrabromobisphenol A

TBG Thyroxine-binding globulin

TEK Traditional ecological knowledge

TSH Thyroid-stimulating hormone

US EPA United States Environmental Protection Agency

WCBA Woman of child-bearing age
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Arctic Monitoring and Assessment Programme

The Arctic Monitoring and Assessment Programme (AMAP) was established in June 1991 by the eight Arctic countries (Canada, 
Denmark, Finland, Iceland, Norway, Russia, Sweden and the United States) to implement parts of the Arctic Environmental 
Protection Strategy (AEPS). AMAP is now one of six working groups of the Arctic Council, members of which include the eight 
Arctic countries, the six Arctic Council Permanent Participants (indigenous peoples’ organizations), together with observing 
countries and organizations.

AMAP’s objective is to provide ‘reliable and sufficient information on the status of, and threats to, the Arctic environment, and 
to provide scientific advice on actions to be taken in order to support Arctic governments in their efforts to take remedial and 
preventive actions to reduce adverse effects of contaminants and climate change’.

AMAP produces, at regular intervals, assessment reports that address a range of Arctic pollution and climate change issues, 
including effects on health of Arctic human populations. These are presented to Arctic Council Ministers in ‘State of the Arctic 
Environment’ reports that form a basis for necessary steps to be taken to protect the Arctic and its inhabitants.

This report has been subject to a formal and comprehensive peer review process. The results and any views expressed in this 
series are the responsibility of those scientists and experts engaged in the preparation of the reports.

The AMAP Secretariat is located in Oslo, Norway. For further information regarding AMAP or ordering of reports, please 
contact the AMAP Secretariat (Gaustadalléen 21, N-0349 Oslo, Norway) or visit the AMAP website at www.amap.no.
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