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Abstract
The number of chemicals in the anthroposphere is increasing and some of them end up in humans. A literature search was 
made to assess which anthropogenic organic contaminants (OCs) that have been analysed in blood from the general popula-
tion. The reviewed articles were used to create a database of studies [human blood database (HBDB), containing 559 OCs] 
reporting blood analyses made worldwide. All studies analysing blood from the Swedish population were compiled into 
a second database [Swedish exposure database (SEDB), containing 166 OCs] listing blood concentrations of OCs. Data 
from the SEDB showed decreasing levels of regulated chemicals in blood over time, indicating that regulation had made 
an impact. The Hazard Index (HI) approach was used as a qualitative mixture risk assessment of the OCs with established 
human biomonitoring guidance values (HBM-GVs) and blood levels in the SEDB. Nine HBM-GVs were found and the HI of 
the corresponding OCs/groups of OCs showed that a risk of adverse effects in the general population could not be excluded, 
which is a cause for concern considering that only a fraction of the analysed OCs in the SEDB were included. This study 
presents the OCs identified in human blood and concentration time trends. The study highlights the lack of HBM-GVs needed 
for mixture risk assessments to assess the combined risk of chemical exposure to the general population.
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Introduction

The production and use of chemicals have increased world-
wide for many decades as the anthroposphere is getting more 
complex (Eurostat 2021). Diseases of civilisation (such as 
diabetes type 2, obesity etc.) and autoimmune diseases have 
increased over the last decades (Huhn et al. 2021). Genetic 
factors can only account for 30% of the risk for such dis-
eases, whereas the rest of the risk might be ascribed to dif-
ferences in the environment (Rappaport and Smith 2010; 
Vojdani et  al. 2014). This difference in environment is 
described as the exposome, i.e. the totality of both simul-
taneous and sequential environmental exposure (Rappa-
port and Smith 2010). A contributing part of the exposome 
is chemical exposure, which the European Commission 

recently stated as a threat to human health (European Com-
mission 2020).

There are a range of different sample types which can be 
used when assessing human chemical exposure. Commonly, 
exposure to chemicals is assessed by analysis of matrices 
of human intake (e.g. food, air, etc.), reflecting the external 
exposure. Human biomonitoring uses human body fluids and 
tissues to measure the exposure of target chemicals. Blood 
is an ideal matrix for anthropogenic organic contaminants 
(OCs) due to bloods equilibrium with organs and tissues 
of the whole organism (Esteban and Castano 2009). Thus, 
blood reflects the internal OC levels and includes uptake 
and metabolism of chemicals. Also, blood is the matrix that 
reflects the long-term OC exposure in the general popula-
tion, whereas urine mainly reflects the short-term exposure. 
Breast milk is another relevant monitoring matrix, although 
it only reflects chemical exposure of women and infants.

Biomonitoring programmes are used to capture temporal 
changes in chemical exposure, to investigate when regulation 
is needed and to monitor if the regulation has the desired 
outcome. Health-related Environmental Monitoring (HÄMI) 
is Sweden’s governmentally funded biomonitoring program, 
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run by the Swedish Environmental Protection Agency 
(SEPA). In 1993, HÄMI was initiated to monitor inorganic 
and organic contaminants in humans in different matrices 
on a long-term basis (Swedish Environmental Protections 
Agency 2021). To date, HÄMI covers over 380 anthropo-
genic OCs analysed in human matrices (Swedish Environ-
mental Protections Agency 2021). The Division of Labora-
tory Sciences at the US Centers for Disease Control and 
Prevention (US-CDC) runs the US National Biomonitoring 
Program (NHANES), which monitors over 400 environmen-
tal chemicals, including OCs and metals in human blood 
and urine (US Centers for Disease Control and Prevention 
2020). In 2017, the EU initiated the Human Biomonitor-
ing for EU (HBM4EU) project, a collaboration between 24 
member states, Norway, Iceland, Israel and Switzerland, 
along with the European Commission and the European 
Environment Agency. HBM4EU has prioritised 19 organic 
and inorganic chemicals or groups of chemicals with risk-
related concerns, with the aim of harmonising the human 
biomonitoring efforts in Europe and increasing the under-
standing of the temporal changes of the chemical exposure, 
as well as providing evidence for chemical policy making 
to protect human health (HBM4EU 2020). The European 
Commission’s Information platform for Chemical moni-
toring (IPCHEM) provides more information on different 
biomonitoring programmes within the EU (European Com-
mission 2021). Additionally, assessing chemical exposure 
by including peer-reviewed literature data is of importance 
since biomonitoring programmes only cover a limited num-
ber of chemicals (Bopp et al. 2019). Chemicals with prop-
erties of persistence, bioaccumulation, a potential for long-
range environmental transport and adverse effects in humans 
or in the environment are classified as persistent organic 
pollutants (POPs) (Secretariat of the Stockholm Convention 
2020). The Stockholm Convention, which came into force 
in 2004, is a collaborative strategy to remove these types of 
chemicals from the market (Secretariat of the Stockholm 
Convention 2020). Since then, a range of biomonitoring 
programmes have monitored POPs in humans and in the 
environment, as part of the agreement. HÄMI reports time 
trends that are used to follow up on the Stockholm Conven-
tion on a national level.

Classical risk assessments of single chemicals are usu-
ally based on external exposure dose, derived from in vivo 
experimental data. When blood concentrations are used as 
exposure data, however, internal exposure dose levels are 
needed for the risk assessments. The internal dose is rarely 
measured after external exposure in animal experiments. 
Human biomonitoring guidance values (HBM-GVs) or 
biomonitoring equivalent (BE) values express the accept-
able internal exposure dose levels. The German Human 
Biomonitoring Commission’s HBM-GV I and BE values 
are concentration limits in human matrices below which 

there is no risk of adverse effects (Hays et al. 2007,  HBM-
Communication 2020). The German Human Biomonitor-
ing Commission has defined an additional higher HBM-GV 
(HBM-GV II). When blood levels exceed the HBM-GV II, 
actions to decrease the exposure need to be taken (HBM-
Communication 2020). Herein, HBM-GV I and BE values 
are treated as equals and denominated as HBM-GVs. The 
usage of HBM-GVs is limited by a lack of established values 
and the amount of time taken to produce new HBM-GVs 
(Apel et al. 2020). Furthermore, these values should not be 
considered static and when new toxicity data are available 
the values need to be updated. HBM-GVs can be derived 
either from epidemiological data, in situ models, or in vivo 
data by using assessment factors (AF), depending on avail-
able data (Apel et al. 2020). HBM4EU aims to increase the 
number of HBM-GVs and has recently produced urinary 
HBM-GVs for cadmium, bisphenol A, N-methyl-2-pyrro-
lidone (NMP), N-ethyl-2-pyrrolidone (NEP) and a number 
of phthalates (David et al. 2021; Lamkarkach et al. 2021; 
Lange et al. 2021; Ougier et al. 2021).

When both exposure and inherent toxicity are known 
for a set of chemicals, there are different ways of calculat-
ing the combined risk of chemicals. Mixture risk assess-
ments (MRAs) estimate the effect of the combined expo-
sure. One MRA method is to use the Hazard Index (HI) 
approach, derived by the US EPA in 1986 and supplemented 
in 2000 (US Environmental Protection Agency 1986). The 
HI approach assumes concentration addition, meaning that 
each component of the mixture adds to the toxicity through 
the same mode of action. When using HBM-GVs, only 
a qualitative MRA can be achieved when calculating the 
HI, since the critical effects they are based on are different 
for different OCs. All HBM-GVs have an added margin of 
safety. Different critical effects can be combined in an MRA 
when HBM-GVs are used, as the margin of safety generates 
a conservative HI (Bopp et al. 2019). However, OCs contrib-
uting to the same adverse outcome may act synergistically 
and could cause a larger effect compared to when they act 
additively (Kortenkamp and Faust 2018).

To be able to assess the combined risk of a mixture of 
chemicals, the toxicity evaluation needs to be performed and 
reported in a consistent manner, e.g. regarding species, end-
points and reported toxicological dose descriptors. Finding 
this information for a larger set of chemicals of concern can 
be a challenge (Engelhardt et al. 2021).

The first aim of this study was to make an exposure 
assessment of anthropogenic OCs in human blood from the 
Swedish general population. In addition, the identity of OCs 
analysed in human blood worldwide was also collected. It 
was expected that the majority of the chemicals found in this 
study are POPs, as these are commonly analysed in blood. 
Where possible, time trends of OCs in blood were estab-
lished to follow regulatory implementations. A second aim 
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of this study was to assess the combined risk of exposure to 
the mixture of OCs reported in blood in the Swedish gen-
eral population, by applying existing HBM-GVs derived for 
blood.

Method

OCs in Human Blood

The data were collected through a review of scientific lit-
erature and inclusion of OCs from selected, accessible 
biomonitoring programs. The literature search was con-
ducted between September 2019 and  December 2020 with 
the keywords “blood”, “serum”, “human”, “contaminant”, 
“chemical”, “substance”, “pollutant” and “molecule”. 
The collection was limited to articles published between 
2000 and 2020. Articles in other languages than English 
or Swedish were excluded in the selection process, as well 
as studies focusing on pharmaceuticals or inorganics. Only 
articles analysing blood from the general population were 
used, i.e. studies analysing patients with chronic illnesses 
were excluded as well as studies on people living in the 
vicinity of a contaminated site. A detailed description of 

the literature search can be found in the supporting informa-
tion (Online Resource 2, Table S1-2). The collected OCs 
were compiled into the human blood database (HBDB). The 
blood concentrations from studies within the HBDB that 
had analysed Swedish blood were included into the Swedish 
exposure database (SEDB). For that purpose, “Sweden” or 
“Swedish” were added to the search terms. OCs analysed 
in human blood, reported at the international symposium 
on Halogenated Persistent Organic Pollutants, and avail-
able in the Dioxin database (International Symposium on 
Halogenated Persistent Organic Pollutants 2020) containing 
summaries and extended peer-reviewed abstracts, published 
between 2000 and 2020 were included in the HBDB. OCs 
analysed in blood and reported in the National report on 
Human Exposure to Environmental Chemicals (NHANES) 
from United States Centers for Disease Control and Preven-
tion (US-CDC) were added to the HBDB (US Centers for 
Disease Control and Prevention 2019). The HBDB consists 
of 245 references (10,829 entries) and two biomonitoring 
programmes (Fig. 1).

All analyses reported in SEPA’s HÄMI database were 
added to the SEDB (Swedish Environmental Protections 
Agency 2021). The SEDB consists of 53 references (6476 
entries) and one biomonitoring programme (Fig. 1). In 

Fig. 1  The data collection process for the human blood database (HBDB) and the Swedish exposure database (SEDB). The references in the 
databases are defined as articles, summaries/extended abstracts or biomonitoring programs
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the SEDB, the cohorts covered in peer-reviewed literature 
were European Prospective Investigation into Cancer and 
nutrition (EPIC) (Slimani et al. 2007), Prospective Inves-
tigation of Vasculature in Uppsala Seniors (PIVUS) (Lind 
et al. 2005), Persistent Organic Pollutants in Uppsala Pri-
miparas (POPUP) (Glynn et al. 2007), Riksmaten Adults 
2010–2011 (Swedish Environmental Protections Agency 
2021), Riksmaten Adolescents 2016–2017 (Swedish Food 
Agency et al. 2020), Västerbotten Intervention Programme 
(VIP) (controls) (Norberg et al. 2010), Fishermen and their 
wives (Rylander and Hagmar 1995; Svensson et al. 1995), 
Malmö Maternity Unit Serum Biobank (MMUSB) (Ode 
et al. 2014), Swedish Environmental Longitudinal, Mother 
and child, Asthma and allergy study (SELMA) (Bornehag 
et al. 2012), Adolescents in Scania (Norén et al. 2020) and 
small groups of people used for one study only (Fig. 1). The 
chemical identity, country of origin of the blood samples and 
year of sampling were extracted manually from all articles 
and entered into the HBDB. Additionally, for the OCs ana-
lysed in Swedish blood, the concentration range (min–max), 
average concentration, cohort, sex, LOD/LOQ values and 
number of individuals analysed were included in the SEDB. 
The entries were divided based on concentration determined 
in human blood from women, men, “both” (when the sex of 
the individuals was undefined or concentrations reported as 
pooled averages), and children and adolescents (0–20 years 
old).

In the HBDB, all OCs that have been analysed in blood 
were included and the OCs reported below detection level 
(< LOD) were indicated in the HBDB (Online Resource 1; 
HBDB overview). In the SEDB, only OCs that have been 
reported above quantification level (> LOQ) were included 
(Online Resource 1, SEDB), i.e. OCs analysed but not 
detected above the quantification level (< LOQ) at any time-
point analysed in Swedish blood were not included in the 
SEDB. If more than one article reported levels of a specific 
OC from the same cohort and sex with very similar con-
centrations, it was assumed that the results were coming 
from the same analysis. Chemical identifiers (such as CAS, 
SMILES, InChIKey) were taken from CompTox Chemical 
Dashboard, ChemSpider, PubChem and SciFinder. Each 
chemical was given a unique ID number (chemical ID) and 
classified according to chemical group, structural identifier 
(aromatic, halogenated, phenolic and/or just OCs), halogen 
type (brominated, chlorinated, fluorinated or non-halo-
genated) and POP/POP metabolite status according to the 
Stockholm Convention. OCs reported together (co-eluents 
and sum of congeners such as ∑PCBs) were not included in 
the database, except for seven PFASs which were reported 
as linear, branched isomers or undefined when not specified.

To enable the comparison of different studies, the con-
centrations were converted to both wet weight and lipid-
adjusted weight. When the lipid concentration in human 

serum was not reported, a default value of 0.006656 g/mL 
was used, based on a lipid percentage of 0.65% and a density 
of human serum of 1.024 g/mL (Sniegoski and Moody 1979; 
Weiss et al. 2006). For plasma, a lipid percentage of 0.42% 
was used and the density was estimated to be the same as in 
serum (Hovander et al. 2000; Sniegoski and Moody 1979). 
When the matrix was whole blood or not specified further 
than “blood”, the lipid concentration in serum was used. 
For comparison, all results in the graphs are presented in 
wet weight (pg/mL), even though some lipophilic chemicals 
normally are presented as lipid-adjusted weight (available 
in SEDB, Online Resource 1, SEDB). For the time trends 
of the OCs that had been analysed for more than five years, 
a linear regression model was applied on the logarithmic 
values of the concentrations, in order to check for a signifi-
cant temporal trend (p-value < 0.05). A linear regression line 
with the logarithmic values was added to the antilogarithmic 
graph when there was a significant relationship between time 
and concentration. A sensitivity test was carried out to check 
the influence of the values below LOQ on the temporal trend 
of each graph. For each dataset, the values below LOQ were 
either set to 0, LOQ/2, or LOQ and the slope of the trends 
and  the p-values of the trends were noted (Table S3). Con-
centrations below LOQ levels were not included (corre-
sponding to LOQ = 0) when making the trendlines in the 
graphs. Over time, LOQ levels have decreased as a result of 
refined analytical methods. Some LOQ values were above 
or in the same range as reported concentrations from other 
studies. The LOQ values have been included in the graphs to 
illustrate the performance of the laboratories and the number 
of analyses. The sensitivity tests showed that the slope did 
not drastically change in the different scenarios (Table S3).

Risk Assessments

HI, a component-based approach, was used to assess the 
combined risk of the chemical mixture. The hazard quotient 
(HQ) for each OC (Eq. 1) was calculated by dividing the 
exposure level (Exp) of the ith compound by the acceptable 
level (AL) of the ith compound. The HQs were summed 
into an HI (Eq. 1) for the mixture. If the HI exceeded one, 
the mixture risk of adverse effects in the general popula-
tion could not be excluded and thus further refinements 
were needed (US Environmental Protection Agency 1986). 
Herein, the average blood concentrations for each year from 
the whole population were used as exposure levels (Online 
Resource 1, MRA). By using blood concentrations as the 
exposure, we were limited to use AL reported as internal 
concentrations rather than administered dose commonly 
reported from in  vivo studies. Therefore, blood HBM-
GVs were used. The HBM-GVs were taken from peer-
reviewed literature and the German Human Biomonitoring 
Commission (Aylward et al. 2010; Aylward et al. 2008; 
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HBM-Communication 2020; Kirman et al. 2011; Krishnan 
et al. 2011). A summarising table with all HBM-GVs, their 
respective critical endpoint and other information regarding 
the derivation process can be found in the supplementary 
information (Online Resource 2, Table S4). All the HBM-
GVs, except for dioxin-like compounds (PCDD/Fs and dl-
PCBs), were converted into wet weight (pg/mL), using the 
same lipid percentage and density as previously described 
for blood concentrations. The HBM-GV for PCDD/Fs and 
dl-PCBs was a lipid-adjusted TEQ value. Therefore, the 
exposure concentrations were converted to the same unit 
using the TEF values from (Van den Berg et al. 2006). The 
TEQ sum was calculated based on the lipid-adjusted blood 
concentrations of seven dioxins, ten furans and twelve 
dl-PCBs.

Results

OCs in Human Blood

The two databases are available in the online repository 
(Online Resource 1, HBDB and SEDB). The HBDB includes 
559 OCs analysed in human blood, out of which 440 OCs 
were reported to have been detected (> LOD/LOQ). For the 
OCs in the HBDB, the majority (83%) are halogenated, and 
49 OCs (11%) are simultaneously halogenated, phenolic and 
aromatic (Fig. 2). In the HBDB, 54% of the OCs are POPs, 
and 9.1% are metabolites of POPs (Online Resource 2, 
Table S5). The HBDB contains OCs analysed in blood from 

(1)HI =

n
∑

i=1

HQ
i
=

n
∑

i=1

Exp
i

AL
i

38 countries, mostly from Western Europe, North America 
and Asia (Online Resource 2, Table S6).

The SEDB includes 166 OCs, out of which 91% are halo-
genated (Fig. 2). In the SEDB, 57% of the OCs are POPs and 
10% are metabolites of POPs (Online Resource 2, Table S5). 
The OCs analysed in blood in Sweden are mainly regulated 
OCs. The OCs analysed in Sweden are flame retardants, 
polychlorinated dibenzo-p-dioxins and furans (PCDD/F), 
chlorinated pesticides and their metabolites, polychlorin-
ated biphenyls (PCBs) and their metabolites, poly- and 
perfluoroalkyl substances (PFASs) and phthalates (Fig. 3). 
Beyond the chemical groups in the SEDB, the HBDB con-
sists of alkylphenols, chlorinated paraffins, flame-retardant 
metabolites, polycyclic aromatic hydrocarbons (PAHs), 
parabens, personal care product ingredients, solvents and 
UV filters (Fig. 3). In Sweden, alkylphenols, bisphenols, 
PAHs, parabens, personal care product ingredients and UV 
filters are analysed in urine (Swedish Environmental Protec-
tions Agency 2021). A list with all chemical groups in the 
HBDB and the SEDB and the time frame of blood sampling 
is presented in Online Resource 2, Table S7.

For a few selected OCs, the number of studies and num-
ber of individuals analysed are listed to illustrate the focus 
on sex and age groups (Online Resource 2, Table S8). It 
appears that blood from women and children are most fre-
quently analysed, followed by studies reporting levels for 
all adults combined. The least number of analyses were 
reported from men.

Swedish Blood Levels

Chemical groups commonly monitored in blood are PCBs, 
pesticides, PFASs and flame retardants (Fig. 4). The OCs 
with the highest average levels reported in human blood 
are the PFASs, some as high as 14,000  pg/mL, with 

Fig. 2  Venn diagram describing the characteristics of the detected OCs in the two databases, human blood database (HBDB, left) and the Swed-
ish exposure database (SEDB, right)
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perfluorooctane sulfonate (PFOS) at the highest level fol-
lowed by perfluorohexane sulfonate (PFHxS) and perfluo-
rooctanoic acid (PFOA) (Fig. 4a, b). Among the PFASs, 
PFOA and PFOS are regulated by the Stockholm Conven-
tion (Annex A and B, respectively) and in 2019 PFHxS was 
proposed for listing under the Convention (Secretariat of 
the Stockholm Convention 2019). Perfluorobutanesulfonic 
acid (PFBS) shows increasing time trends for women and 
children (Online Resource 2, Fig. S1) but most of the PFASs 
show decreasing trends (Online Resource 2, Fig. S1-11). 
PCBs have been restricted by the Stockholm Convention 
(Annex A) since 2004 and occur in blood in levels around 
100 pg/mL, depending on congener (Fig. 4c, d). The bro-
minated flame retardants occur in lower levels in blood 
compared to other chemical groups and appear in blood at 
average levels around 10 pg/mL (Fig. 4e; Online Resource 
2, Fig. S2). Most of the pesticides analysed in human blood 
are POPs (Fig. 4f), which are regulated by the Stockholm 
Convention (Annex A and B). Pentachlorophenol (PCP) 
average levels in Swedish blood can reach up to 7000 pg/
mL (Fig. 4g), reflecting a high use of this preservative in the 
forest industry (Palm et al. 2002). The analysed organophos-
phorous flame-retardant di-n-butylphosphate is not regulated 
and occurs in higher blood levels than the brominated flame 
retardants, with an average blood concentration of around 
1000 pg/mL (Online Resource 1, SEDB). The phthalates 
and BPA have only been analysed in blood between 1999 
and 2009 (Table S7) and there are too few reported analy-
ses to discuss time trends. Generally, polar substances are 

more easily conjugated and excreted via urine than the non-
polar OCs (typically the POPs). Therefore, polar OCs and 
their metabolites are more commonly analysed in urine and 
not reported in the same degree as other OCs in the SEDB 
(Swedish Environmental Protections Agency 2019).

Risk Assessment

Nine HBM-GVs were found for OCs or groups of OCs 
reported in the SEDB (Online Resource 1, MRA). An HBM-
GV for PCBs has been set to 3500 pg/mL by the German 
HBM Commission, for the sum of the concentrations of 
CB138, CB153 and CB180 (HBM-Communication 2020; 
Rauchfuss et al. 2013). The total concentration in blood 
of the three PCBs in the Swedish population is below the 
HBM-GV. The group has been reported below this value 
since year 2004 (Fig. 5a), when it was first regulated by 
the Stockholm Convention (Secretariat of the Stockholm 
Convention 2020; Swedish Chemicals Agency 2021). The 
concentration of PCBs in blood is decreasing in the Swedish 
general population (Fig. 5a–d). The most recent HQ of PCBs 
was 0.032 (Fig. 9a).

Few studies reported blood levels of PCDD/Fs and 
dioxin-like PCBs (dl-PCBs) (Fig. 6; Online Resource 2, 
Table S8). PCDD/Fs are regulated by the Stockholm Con-
vention (Annex C) since 2004 (Secretariat of the Stockholm 
Convention 2020; Swedish Chemicals Agency 2021). The 
four latest analyses (after 2003) only reported dl-PCBs 
(Fig. 6) and therefore calculated TEQ levels do not include 

Fig. 3  The chemical groups and number of OCs (including isomers) in each group in the human blood database (HBDB, green) and the Swedish 
exposure database (SEDB, orange)
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Fig. 4  The chemical profile in blood from the Swedish general popu-
lation. The width of the violin plot corresponds to the frequency of 
a certain concentration, the broader the violin, the more frequent the 
concentration is within the dataset. The colour in the graphs corre-
spond to the magnitude of each OC concentration, high (red) to low 

(blue). Each OC’s concentration range is presented in the graph with 
a black line as the average concentration and two white lines on each 
side as the 25th and 75th percentiles. The range correspond to min–
max values after outliers have been identified (ROUT test with Q = 1) 
a–b PFASs c–d PCBs e PBDEs f–g Pesticides
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the PCDD/Fs. The dl-PCB TEQ levels are below the HBM-
GV of 15 ppt (Aylward et al. 2008). The PCDD/Fs have not 
been analysed to the same extent as the dl-PCBs, and the 
lack of data makes it difficult to conclude if the total level 
is associated with risk of adverse effects or not. Since the 
number of congeners differs throughout the time period, no 
interpretation of a trend can be made (Online Resource 1, 
MRA). In the two instances when all PCDD/Fs were ana-
lysed (1987 and 2002), the total blood level of the group 
exceeded the HBM-GV. The most recent HQ of dl-PCBs 
was 0.0000037 (Fig. 9a).

Hexachlorobenzene (HCB) is regulated by the Stockholm 
Convention (Annex A) since 2004 (Secretariat of the Stock-
holm Convention 2020; Swedish Chemicals Agency 2021). 
HCB shows decreasing concentrations in men from 1990 
to 2012 (Fig. 7a). During the last year of samples analysed 
(2017), the average exposure for values were below the set 
HBM-GV of 170 pg/mL (Aylward et al. 2010). The blood 
concentration of HCB in women has decreased since 2004. 
The most recent HQ for HCB was 0.31, which is the third 
highest HQ value that year (2017) (Fig. 9a). The pesticide 

a

c d

b

Fig. 5  Time trends for some PCBs. Trendlines have been added when 
p-value < 0.05. a Blood concentration of Σ3 PCBs (CB138, CB153, 
CB180); Σ7 PCBs (CB28, CB52, CB101. CB118, CB153, CB138, 

CB180) and Σall PCBs. The horizontal line corresponds to the set 
HBM-GV for Σ3 PCBs (HBM Commission 2020; Rauchfuss et  al. 
2013). Time trends of b CB138 c CB153 d CB180

Fig. 6  Time trend of the TEQ levels of the sum (green) of seven diox-
ins, ten furans (PCDD/Fs, yellow) and twelve dl-PCBs (blue). The 
dashed line at 15 ppt is the set HBM-GV for PCDD/Fs and dl-PCBs 
(Aylward et al. 2008). As the number of congeners analysed differed 
throughout the time period, no interpretation of a trend can be made
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p,pʹ-DDT was added to the Stockholm Convention (Annex 
B) in 2004 (Secretariat of the Stockholm Convention 2020; 
Swedish Chemicals Agency 2021). The major metabolite 
of p,pʹ-DDT is p,pʹ-DDE and it is analysed more frequently 
than the parent compound. The lower level of p,pʹ-DDT, 
compared to p,pʹ-DDE, indicates a historical use. The aver-
age reported levels of both p,pʹ-DDT and p,pʹ-DDE show 
decreasing trends. The decrease in blood levels of p,pʹ-DDE 
in men and children is statistically significant. In 2013, at 
the most recent reporting of blood samples from women, the 
concentration in women was among the lowest (Fig. 7b). No 
significant trend can be observed for p,pʹ-DDT. All reported 
levels are below the set HBM-GV of 33,000 pg/mL for the 
sum of p,pʹ-DDT and p,pʹ-DDE (Kirman et al. 2011). The 
most recent HQ of p,pʹ-DDT and p,pʹ-DDE was 0.0077 
(Fig. 9a).

PFASs are the group with the highest blood levels of all 
OCs in the SEDB (Fig. 4a, b). PFOS has been regulated by 
the Stockholm Convention (Annex B) since 2009 and PFOA 
has been regulated (Annex A) since 2019 (Swedish Chemi-
cals Agency 2021). The blood concentrations of PFOS 
and PFOA have been decreasing in both men and women 
during the studied time frame. The most recent analysis of 
PFOS reported levels close to the HBM-GV of 5000 pg/mL 
(Hölzer et al. 2021) with an HQ of 0.58 (Figs. 8a, 9a). The 
HBM-GV for PFOA is 2000 pg/mL and the latest analysis 
showed levels below this value (Fig. 8a) (Hölzer et al. 2021). 
The most recent HQ for PFOA was 0.58 (Fig. 9a). Before 
2010, the blood concentrations of PFOS were above the 
higher set HBM-GV II of 20,000 pg/mL and 10,000 pg/mL 
for the general population and women in child-bearing age, 
respectively (Fig. 8a) (HBM-Communication 2020). When 

the concentration exceeds the HBM-GV II, actions need to 
be taken to avoid adverse effects to the general population 
(HBM-Communication 2020).

A calculation of the HQ for the nine OCs/groups of OCs 
each year shows that some OCs exceed their risk thresh-
old of 1 individually in at least one year (ΣPCBs, HCB, 
PFOS and PFOA) (Fig. 9a). The OCs with HBM-GVs are 
all regulated by the Stockholm Convention and the major-
ity of the HQs have been decreasing over the reported time 
period, as would be expected (Swedish Chemicals Agency 
2021). When considering the combined risk, the highest HI 
occurred in 2004 when the risk was eight times higher than 
accepted (Fig. 9b). PFOS and PFOA are driving the risk 
during the studied time period. The peak of PCDD/Fs and 
dl-PCBs can be explained by the monitoring of many indi-
vidual congeners in year 2002 (Fig. 9a, b). Since 1988, the 
HI has been above 1 each year, with PFOS and PFOA as the 
drivers. Assuming single chemical risk assessment, no OC 
was individually posing a risk of adverse effects after 2015. 
However, the HI was 1.5, which is still above 1 in 2017, 
highlighting the importance to evaluate to combined risk of 
chemical exposure (Fig. 9a, b).

Discussion

The overall aims of this study were to create an overview 
of the current chemical exposure of OCs in blood from the 
general population in Sweden, and to list the OCs analysed 
in blood worldwide by manually reviewing scientific litera-
ture and human biomonitoring data. In another study, the 
exposome was estimated by compiling chemicals found 

a b

Fig. 7  a The blood concentration of hexachlorobenzene (HCB) in the 
general population in Sweden. The black horizontal dashed line cor-
responds to the set HBM-GV in blood (Aylward et al. 2010). b The 

blood concentration of p,p’-DDE in the general population in Swe-
den. The HBM-GV for p,pʹ-DDT and p,pʹ-DDE of 33,000  pg/mL. 
Trendlines have been added when p-value < 0.05
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in human blood using text-mining and a database fusion 
approach (Barupal and Fiehn 2019). The study generated a 
database of over 41,000 chemicals found in human blood, 
including organic and inorganic, endogenous metabolites, 
exogenous pharmaceuticals and so on. Manual curation 
would be needed to extract the target OCs of this study, i.e. 
anthropogenic organic contaminants, from that study. To the 
best of our knowledge the HBDB is the most comprehensive 

list of OCs in blood to date. Most likely more OCs could be 
added to the HBDB as we do not claim to have performed 
an exhaustive review of OCs analysed in human blood 
worldwide.

Generally, most of the OCs reported in the HBDB and 
the SEDB were POPs regulated by the Stockholm Conven-
tion. This is in line with what could be expected due to the 
choice of matrix and because the Stockholm Convention 

Fig. 8  Time trends of blood levels of a PFOS and b PFOA in the gen-
eral population in Sweden. The black horizontal dashed lines corre-
spond to the German Human Biomonitoring Commission’s HBM-GV 
I, and the green dashed lines corresponds to the HBM-GV II, where 

(w) is the HBM-GV II set for women in child-bearing age (light 
green) and (g) is the HBM-GV II for the general population (dark 
green) (HBM Commission 2020; Hölzer et al. 2021). Trendlines have 
been added when p-value < 0.05

Fig. 9  a Hazard quotients (HQ) for the different OCs calculated by 
dividing average blood concentration of each OC by the HBM-GV b 
ΣHQ, the hazard index (HI). When HI is above 1, a risk of adverse 

effects in the general population cannot be excluded (orange horizon-
tal line). The green dots correspond to the number of OCs included in 
the HI each year
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requires monitoring of the chemicals included in Annex 
A, B and C (Article 11) (Esteban and Castano 2009; Sec-
retariat of the Stockholm Convention 2020).

There are too few analyses to be able to see a time trend 
for PCDD/F levels in blood since the target matrix for 
PCDD/F analysis has changed to breast milk (for most 
congeners in 2004). A decreasing time trend in concentra-
tions of PCDD/F and dl-PCBs was reported in both breast 
milk and in fish, our primary source of these contaminants 
(Gyllenhammar et al. 2021; Miller et al. 2012). Also, the 
decreasing trends of the OCs in both blood and milk dem-
onstrate that the regulatory work is necessary and efficient. 
According to the data in the SEDB, some OCs have not 
been analysed in blood for the past ten years, especially 
the phenolic OCs, such as the OH-PCBs (metabolites of 
PCBs), bisphenols and phthalates. Instead, non-halogen-
ated, polar OCs are commonly analysed in urine, such as 
alkylphenols, bisphenols, parabens, personal care product 
ingredients and UV filters (Esteban and Castano 2009; 
Swedish Environmental Protections Agency 2021). Chlo-
rinated paraffin is the only chemical group present in the 
HBDB that is not currently covered in HÄMI. The short-
chained CPs were added to Annex A of the Stockholm 
Convention in 2017, and the medium-chained CPs are cur-
rently being proposed for listing. A first screening of CPs 
in human blood levels of the Swedish population is being 
planned by HÄMI (personal information from co-author 
K. Norström).

By looking at the data present in the SEDB, the OCs 
with the highest concentrations in blood were PFASs 
(PFOS > PFHxS > PFOA). Several PFASs (n = 50) are ana-
lysed worldwide (Online Resource 1, HBDB), which could 
reflect the increased public awareness after the evident expo-
sure taking place all around the world, raising concern for 
human health (Sunderland et al. 2019). The blood levels of 
PFOS and PFOA show similar decreasing trends (Fig. 8), 
even though PFOA was added to the POP list ten years later 
than PFOS. Other PFASs have replaced the previously used 
PFOS and PFOA, some of which show increasing levels 
(PFBS and PFHxS, found in Online Resource 2, S1 and S6), 
or increasing levels in women but decreasing levels in chil-
dren (PFNA PFDA, PFUnDA, PFTrDA, found in Online 
Resource 2, S8-11).

The European HBM Dashboard provides summary 
statistics from existing HBM data collections within the 
HBM4EU project. A comparison with the SEDB show simi-
lar levels of PFASs reported in the European HBM Dash-
board for Norway, Germany, Belgium, Spain, Denmark and 
Czechia, while lower levels have been reported for Slovakia 
and Austria (Flemish Institute for Technological Research 
et al. 2021). PBDEs were also reported in the European 
HBM Dashboard and the levels were similar to those in the 
SEDB for countries like Belgium and Denmark and higher 

in Slovakia (Flemish Institute for Technological Research 
et al. 2021).

It takes time and funds to develop and validate new ana-
lytical methods for emerging chemical groups, and there-
fore harmonised methods developed within international 
monitoring programmes are important (HBM4EU 2020). 
HBM4EU has recently published a review addressing differ-
ent analytical methods to be used for analysis of a selected 
range of chemicals (Vorkamp et al. 2021). Reporting the 
analytical method LOD and LOQ values is a valuable quality 
control to better understand the performance of the labo-
ratories and quality of analysis. As analytical instrumen-
tation and performance develop, the LOD/LOQ levels are 
decreasing. In the SEDB, the LOD and LOQ values were 
not always available, or laboratories reported a range of 
values for the same analytes. As a consequence of different 
analytical performance, some laboratories reported LOD/
LOQ values in the same range as others reported quantifi-
able concentrations. In this study, < LOQ/LOD values were 
therefore excluded in the statistical analysis, although visu-
ally included in the figures (Online Resource 2; Fig. S1-12) 
so as not to discard any analyses. To be able to generate 
time trends for chemicals reaching trace levels, analytical 
methods with low LOD/LOQ values are needed.

A challenge posed in the analysis of new chemicals is the 
lack of analytical standards. Even though non-target analyti-
cal methods could provide us with some chemical structural 
information, an analytical standard is needed for accurate 
confirmation and quantification (Schymanski et al. 2015). 
However, new strategies to semi-quantify chemicals without 
accurate analytical standards are currently being developed, 
e.g. based on chemical ionisation efficiency (Malm et al. 
2021). Analytical standards of high purity are also needed 
for newly identified risk chemicals in order to evaluate the 
potential toxicity. A suggestion is that previously untested 
pure chemicals or technical mixtures should be provided 
upon registration by the producers or importers intending to 
use them. That would facilitate the monitoring of “tomor-
row’s” chemicals and the setup of early warning systems.

In a first attempt to investigate whether or not a sim-
plified risk assessment of the OCs in the SEDB could be 
performed, the US EPA’s CompTox Chemicals Dashboard 
was used to extract available toxicity data (Engelhardt 
et al. 2021). Out of the 166 OCs in the SEDB, 64% of the 
OCs did not have any toxicity data in the CompTox Chem-
icals Dashboard (Engelhardt et al. 2021). Furthermore, the 
data acquired for the remaining 36% of OCs in the SEDB 
did not provide sufficient detail to enable a risk assess-
ment, at least from a search for easily available toxicity 
data. Two databases (EFSA’s OpenFoodTox and US EPA’s 
ECOTOX) provided more information regarding the study 
design, but the data were reported in externally adminis-
tered dose and could not be used (Engelhardt et al. 2021). 
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Comparing the toxicity data to human blood levels would 
only be possible using generic PBTK modelling, which is 
still in development. An MRA can be used for the identifi-
cation of the OC(s) (or OC groups) which are the strongest 
contributors to the risk. The HBM-GVs were compared 
with the average concentrations in blood for each year in 
the Swedish general population. The concentrations of 
ΣPCBs, HCB, PFOA and PFOS in blood of the Swedish 
population were all above the HBM-GVs at some point 
during the last 30 years (Fig. 9). The blood concentrations 
have been decreasing and all are now below the individual 
threshold for adverse effects. When using HBM-GVs, a 
qualitative MRA can be conducted by summing up the 
individual HQ to the mixture HI, even though there are dif-
ferent target endpoints involved (Bopp et al. 2019). Each 
OC can exert multiple adverse effects, and thereby contrib-
ute to mixture effects even if the adverse outcome is not 
the critical endpoint. The estimated combined risk of OCs 
with different outcomes will most likely be conservative 
and overestimate the risk since only chemicals with the 
same adverse outcome can act additively. One important 
finding is that the combined risk of the nine OCs/groups of 
OCs included in the MRA suggested that a risk of adverse 
effects to the general population cannot be excluded, as the 
HI was 1.5 for 2017. This suggests that a further refine-
ment of the MRA is needed, e.g. by considering group-
ing similar structures and investigating the variation of 
blood levels within the Swedish general population. The 
variation can be studied by considering, e.g. sex or age-
specific groups, which years to consider for the concen-
trations and certain percentiles of the concentration range 
(EFSA et al. 2021). According to the Pareto principle, it 
can be expected that only a few OCs are responsible for the 
largest part of the mixture effect; in this study the drivers 
are PFOA and PFOS (Bopp et al. 2019). The HBM-GVs 
for PFOA and PFOS are based on epidemiological studies 
supported by in vivo and in vitro studies with the follow-
ing critical endpoints: decreased fertility, foetal growth, 
lipid metabolism as well as effects on the immune system, 
sex hormone system and thyroid metabolism (Apel et al. 
2017). The third highest HQ was HCB, with a relatively 
low HBM-GV (Aylward et al. 2010). The HBM-GV is 
derived based on the critical endpoint of hepatic toxicity 
from rat and pig studies (Aylward et al. 2010). Note that 
the HQs in this paper were based on the average concen-
trations from all analysed samples during a specific year, 
and that there are subpopulations with higher blood levels 
that should be considered. Due to the lack of HBM-GVs, 
an MRA could only be assessed for a small proportion of 
the OCs and groups of OCs in the SEDB. Considering the 
numerous OCs we are exposed to, the results highlight the 
importance of deriving more HBM-GVs and/or providing 

a general guidance on how to estimate mixture risks from 
the chemical cocktail analysed in blood.

Several studies have attempted to evaluate the risk of 
specific effects in a selected population. The SELMA study 
used epidemiological data and statistical models to find 
probable correlations (Bornehag et al. 2019). They identified 
OCs called “bad actors” measured in prenatal blood/urine, 
which were associated with a shorter anogenital distance 
in boys. A mixture of these bad actors was compiled and 
tested in vivo to find a point of departure. It could be seen 
that 13% of the women in the SELMA cohort had concentra-
tions associated with a shorter anogenital distance. Using the 
HI approach, only 3% of the women were at risk of having 
a child with a shorter anogenital distance. The conclusion 
was that with nothing but a component-based MRA using 
HI, the risk could be underestimated (Bornehag et al. 2019).

Considering the extent of chemical exposure, lack of tox-
icity data and the infinite variety of mixtures present, assess-
ing mixture risks remains challenging (Bopp et al. 2019). As 
there is a general lack of exposure data for the bulk of new 
and emerging chemicals, and the concentrations vary over 
time and space, we do not have a comprehensive overview 
of the chemical exposome. Based on what we have gathered 
in this study, we could postulate that the chemical exposure 
consists of (at least) 440 OCs in human blood. Assuming 
equal HQ distribution between the human blood contami-
nants and the nine OCs/groups of OCs with a total HI of 1.5, 
the 440 OCs would correspond to a HI of > 70. Thus, the 
estimated chemical exposure level could be 70 times above 
a theoretical safe level. This is in line with the conclusion 
by Gennings et al., that a chemical-by-chemical assessment 
underestimates the risk of chemical mixtures by a factor of 
up to 100 (Gennings et al. 2018).

The databases created in this study will be used in the 
project RiskMix (FORMAS) with the higher aim to further 
evaluate the combined risk of exposure to the OCs relevant 
to humans. Complex chemical mixtures with levels relevant 
to humans based on the SEDB have been created and will 
be tested in vivo and in vitro for mixture toxicity. The OCs 
listed in the SEDB and the HBDB have been used in in silico 
predictions towards thyroid disrupting properties (Dracheva 
et al. 2022).

Conclusion

In this study, we have shown that regulation of OCs suc-
cessfully leads to decreases in human exposure. To the best 
of our knowledge, the HBDB is currently the most compre-
hensive database of anthropogenic OCs analysed in human 
blood. The exposure assessment of the general Swedish 
population presented in the SEDB showed that the group of 
OCs with the highest concentrations in blood is the PFASs, 



Anthropogenic Organic Contaminants Analysed in Human Blood and Combined Risk  

1 3

which also are the strongest contributors to the combined 
risk calculated with the HI approach. We hope that these 
databases will contribute to a better understanding of OC 
exposure. Furthermore, the databases reveal knowledge gaps 
regarding certain OCs studied. The lack of derived HBM-
GVs limited the MRA to cover only nine OCs/groups of OCs 
in the SEDB. There is an urgent need to derive HBM-GVs 
for relevant OCs determined in blood to make better use of 
HBM data. A cause for concern is that the HI of 1.5 suggests 
that a risk of adverse effects cannot be excluded even when 
only considering these nine OCs and groups of OCs and that 
a further refinement of the assessment is needed. To add to 
the urgency, it is worth bearing in mind that in this study we 
have not considered the effects on sensitive groups or high-
exposure subpopulations.
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