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Abstract

Chlorinated paraffins (CP) are complex mixtures of several million theoretically
possible individual compounds. Contrary to medium-chain CP (MCCP, C4—C,7)
and long-chain CP (LCCP, C;g—C5), the third sub-group investigated, short-
chain chlorinated paraffins (SCCP, C,,—C,3), have been listed in 2017 in Annex
A (Elimination) of the Stockholm Convention on Persistent Organic Pollutants.
The concentrations of CP were determined in 84 nation-wide pooled human milk
samples collected between 2009 and 2019 in 57 countries participating in expo-
sure studies coordinated by the World Health Organization and the United
Nations Environment Programme. Until 2015, only total CP content was deter-
mined. In light of on-going efforts to also add other CP groups to the Annexes of
the Stockholm Convention and the glaring lack of data on the general background
contamination worldwide, later analysis determined SCCP and MCCP and
investigated the presence of LCCP (C,3—C,y only). CP were present in all
84 samples, ranging 8.7-700 ng/g lipid. A statistically significant increase rate
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of total CP concentrations in human milk of 30% over 10 years was found on a
global level, with a considerable variation between UN Regional Groups. Homo-
logue group patterns indicated higher shares of MCCP and LCCP in
industrialized countries and economically dependent areas. Compared to all
other POPs analysed in the samples, the concentration of the sum of SCCP and
MCCP was in most cases only surpassed by DDT, except European countries
with high shares of PCB. Considering the ubiquitous presence of CP in humans
worldwide, further investigation into toxicological effects and human exposure
seems more pressing than ever, so that regulatory action may follow.

Keywords

Chlorinated paraffin - Human milk - Global WHO/UNEP studies - Pooled
sampling - SCCP - MCCP - Homologue group pattern - Persistent organic
pollutant

1 Introduction

Chlorinated paraffins (CP) are complex substance mixtures often produced by
radical chlorination of mixed alkane feedstocks, resulting in millions of theoretically
possible isomers within this substance class (Vetter et al. 2022). For regulation
purposes, these substances are often classified and grouped by carbon chain length,
discerning between short-chain (SCCP, C;4—C;3), medium-chain (MCCP, C4,—C;7),
and long-chain CP (LCCP, C.;;) (PARCOM 1995; POPRC 2015). The
U.S. Environmental Protection Agency additionally introduced a further subdivision
between LCCP (C,g—C,) and very long-chain CP (vLCCP, C,;—Cj3(), which is still
rarely adapted in the literature (USEPA 2015, 2016). However, this subdivision is
relevant from analytical point of view, because only LCCP (C;g—C,() but not
vLCCP (C,1—C30) can be analysed by gas chromatography (Kritschmer et al.
2021b). Variations in chlorination degree and carbon chain length make the resulting
products suitable for various industrial applications, some of which have a very high
demand (USEPA 2009; Gliige et al. 2016; van Mourik et al. 2016).

1.1 Production and Environmental Fate

Large-scale industrial production and use of CP go back to the 1940s. As example,
incidentally, the use as waterproofing and anti-mildew agent in uniforms and
equipment led to the allocation of all produced CP in the United States of America
to the US Army during World War II (Summary of War Regulations 1943). Today,
CP are most commonly applied as plasticizers and flame retardants in a wide variety
of products like PVC floors, paints, leather sealants or high-temperature lubricants
(ECB 2005, 2008; Gallistl et al. 2018; Hahladakis et al. 2018). Although concrete
production volumes are very hard to come by, it is generally accepted that the annual
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Fig. 1 Annual production volumes (metric million tons per year) of total CP (red) and PCB (blue
columns) based on data reported by Breivik et al. (2002, 2007) and modelled by Gliige et al. (2016)

global production volume is extraordinarily high (Gliige et al. 2016). Coincidently,
CP production surged at the same time when polychlorinated biphenyls (PCB) came
under scrutiny and were later banned completely (OECD 1973; Breivik et al. 2007).
Available data indicates a noticeable annual increase in the 1970s (Fig. 1) from less
than 0.1 million tons/year (Muir et al. 2001) to an estimated 1.1 million tons/year in
2015 (Gliige et al. 2016). As a comparison, the estimated total production volume of
PCB over six decades (1930-1993) was 1.0-1.5 million tons, with a peak annual
production of <0.3 million tons/year reported in 1970 (Breivik et al. 2007;
Stockholm Convention 2019).

Discussing production volumes of specifically SCCP and MCCP is practically
impossible—China is currently thought to be the largest producer of CP having
increased production from 0.6 million tons/year in 2007 (Fiedler 2010; Gliige et al.
2016) to 1.05 million tons/year in 2013 (POPRC 2015; van Mourik et al. 2016), but
technical CP products are only defined by overall chlorination degree, not carbon
chain length or CP group. Industry reports identified besides China also the Russian
Federation, India, Japan, Brazil and several European countries as active CP pro-
ducing countries, of which several (including China, India, the Russian Federation,
Italy and France) have not ratified the Stockholm Convention decision to ban SCCP
(ECHA 2008; POPRC 2010, 2015; Euro Chlor 2021). In contrast, at least SCCP
production has been phased out in the USA (POPRC 2015), Canada (Environment
and Climate Change Canada 2008), Sweden (Kemikalieinspektionen 2012, 2013),
Japan (Tsunemi 2010) and the European Union (Commission Regulation (EU) No.
519/2012). Current reports and research indicate rapid growth of CP production in
the Asia-Pacific (ASPAC) economic sector, with production volumes of primary CP
applications like the production of polyvinyl chloride (PVC) reaching 1.3 million
tons/year in India alone (Chaemfa et al. 2014; Zhang et al. 2017; Persistence Market
Research 2021). Such uses as secondary plasticizers in soft plastics, paints and
adhesives and flame retardants in many other products overshadow the direct use
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Fig. 2 Schematic representation of the main exposure ways to chlorinated paraffins (figure based
on Kritschmer 2022)

of CP as lubricants and metalworking fluids (Tomy 2010; POPRC 2015; Zhang et al.
2017; Hahladakis et al. 2018).

Chlorinated paraffins can be released into the environment at every stage of their
product life cycle (Fig. 2), starting with emissions from productions sites or in urban
areas (Niu et al. 2021), abrasion during the use of recycled rubber floors (ECB 2005;
Cao et al. 2018), to volatilization from waste storage, treatment or incineration
(Nilsson et al. 2001; Feo et al. 2009; van Mourik et al. 2015; Brandsma et al.
2017; Matsukami and Kajiwara 2019; Matsukami et al. 2020). Not only the
products, but also the recycling process of plastic itself is suspected of releasing
CP (ECHA 2014; POPRC 2015). In the last decade, CP have been reported in the
nature (air, sediment, water, biota) and domestic environment (indoor air, dust,
household appliances, window coatings) and especially sediment is assumed to
help distribute CP into benthic fauna and, consequently, into the food chain
(Bayen et al. 2006; Feo et al. 2009; Wei et al. 2016; Gliige et al. 2018).

Besides CP found in (unprocessed) food, input from multiple sources during food
processing, storage and preparation also has the potential to contribute to the total
dietary intake of CP. CP have been found migrating from packaging materials into
food simulants (Hahladakis et al. 2018; Wang et al. 2019), leaking from hand
blenders (Yuan et al. 2017) and migrating into baked goods from oven isolation
materials (Perkons et al. 2019). Using dishcloths (Gallistl et al. 2017) and fume hood
filters (Bendig et al. 2013) as passive samplers and specifically targeting oiled hinges
(Sprengel and Vetter 2021) and isolation coatings (Gallistl et al. 2018) of kitchen
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appliances, a strong presence of SCCP and MCCP (in addition to several other
polyhalogenated compounds) in German households could be shown.

Interestingly, studies of air samples found that emissions from CP productions
plants only influence the immediate area, whereas CP levels in the urban environ-
ment seem to be caused by the numerous consumer products containing CP present
in every household (Niu et al. 2021). Therefore, to decrease CP emissions, the use of
CP in mainly plastic products needs to be decreased first. Because of this unique
situation for such a class of high production volume chemicals, production bans and
restrictions would serve more immediately to protect consumers than any maximum
levels in food or the environment.

1.2 Toxicological Aspects

Regrettably, a large share of published toxicological studies on effects of SCCP and
MCCP date back more than a decade and were often conducted using either complex
technical mixtures or very few individual compounds for lack of alternatives
(El-Sayed Ali and Legler 2010). In addition to that, analytical methods for CP
were less reliable—any results should therefore be viewed as indicative rather than
absolute. Available data suggest that CP exposure primarily targets the liver (Cooley
et al. 2001; Du et al. 2019), kidneys (EFSA CONTAM Panel et al. 2020) and the
thyroid and parathyroid glands (Cooley et al. 2001; Qiao et al. 2018), causing
non-lethal effects in these organs. A feeding study in hens however did not report
adverse effects of high CP doses, most likely caused by the quick excretion over
several pathways (Ueberschir et al. 2007). Additionally, a study in Sprague-Dawley
rats indicated that toxic effects of CP are inversely related to the alkyl chain length
and directly to the CP’ mean degree of chlorination of CP (Geng et al. 2016). A
physiologically-based pharmacokinetic (PBPK) model calculated for Sprague-
Dawley rats and extrapolated to humans (Dong et al. 2019) found the half-life of
SCCP with 5.2 years to be comparable to half-lives of 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD, 3.2-11.3 years (Milbrath et al. 2009)) and perfluorooctanesulfonic
acid (PFOS, 3.9-6.9 years (Olsen et al. 2007; Thompson et al. 2010)). The half-lives
calculated for MCCP and LCCP however are much shorter (1.2 and 0.6 years,
respectively). A recent review of available toxicological studies concluded that
while it is reasonably sure that CP are absorbed in the gastro-intestinal tract and
probably various other organs, the metabolic pathways and transformations are still
poorly studied, leaving a wide gap in the knowledge on these compounds (Darnerud
and Bergman 2022).

Based on reported neoplastic effects in male mice, the World Health Organization
(WHO) recommended a tolerable daily intake (TDI) of 11 pg SCCP per kg
bodyweight and day in 1996 (WHO et al. 1996). This TDI value already included
a security factor of 1000. The European Food Safety Authority EFSA however
stated in 2020 in their Scientific Opinion that available toxicological data is insuffi-
cient for concluding on a TDI for any of the CP groups (EFSA CONTAM Panel et al.
2020). Instead, EFSA modelled a benchmark dose lower confidence limit 10% value
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(BMDL,), representing the lowest dose that causes no more than 10% incidences of
the chosen limiting effect (SCCP: increased liver weight, MCCP: nephritis) in rats
(EFSA CONTAM Panel et al. 2020). The BMDL, have been set to 2.3 mg/kg
bodyweight/day (SCCP) and 36 mg/kg bodyweight/day (MCCP) with a margin of
exposure of 1000, although there have been protests in the scientific community
stating that these values are too high, especially for MCCP (Zellmer et al. 2020). No
limiting value of any kind could be established for LCCP, although kidneys were
identified as likely target organs (EFSA CONTAM Panel et al. 2020).

Concerning infant’s exposure to POPs and CP in particular, studies suggest that
POPs found in human milk are likely to be present in the infant’s blood as well
(Chakraborty and Das 2016). Besides this lactational exposure, a study comparing
paired maternal and umbilical cord serum samples was able to show evidence of
placental transfer to the infant in utero (Qiao et al. 2018). This emphasizes the need
for conservative and updated risk assessments in the interest of protecting vulnerable
population groups and consequently the need for more occurrence and
toxicological data.

13 Classification as POP and Regulatory Situation

Due to the difference in the regulatory status, it is important to distinguish between
SCCP (listed as POPs) and MCCP (unregulated, candidate POPs) when discussing
CP results. Both SCCP and MCCP have been under scrutiny for their persistent
(Muir et al. 2001; ECHA 2008), bioaccumulative (Fisk et al. 2000; Houde et al.
2008; Yuan et al. 2019) and toxic (Cooley et al. 2001; El-Sayed Ali and Legler 2010;
Geng et al. 2016) properties, but only production and worldwide use of SCCP was
severely restricted by the parties that ratified this part of the United Nations’
(UN) Stockholm Convention in 2017 (Conference of the Parties of the Stockholm
Convention 2017).

Shortly after classifying SCCP as POPs, the need for more occurrence data and
toxicological studies to expand on existing data (Fisk et al. 2000; ECB 2005;
Thompson and Vaughan 2014; Yuan et al. 2019) came into focus of research groups
and official control bodies. Especially since MCCP but not SCCP are classified as
‘may cause harm to breastfed children’ under the harmonized classification of the
EU Classification, Labelling and Packaging (CLP) Regulation (ECHA 2019), an
in-depth assessment of potential health risks of MCCP seems prudent (Swedish
Chemicals Agency 2018; EFSA CONTAM Panel et al. 2020; Zellmer et al. 2020).

Despite EFSA’s findings seemingly indicating low risk from MCCP, the
European Chemicals Agency ECHA declared them candidate Substances of Very
High Concern (SVHC) in 2021 with proven toxic, persistent and bioaccumulative
properties (ECHA 2021a, b). Upon conclusion of the assessment period, a restriction
of MCCP to 0.1% in products and other chemicals is expected within the European
Union (EU). Additionally, MCCP are scheduled to be assessed for addition to the
Annexes of the Stockholm Convention starting early 2022 (Stockholm Convention
2021).
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1.4 CP as Target Analytes in the WHO/UNEP-Coordinated Human
Milk Studies on Persistent Organic Pollutants

Analysing human tissue allows for monitoring of the total exposure levels of target
contaminants in the population. Of the possible tissue samples, human milk presents
the preferable option as the sampling process is non-invasive and yields a much
higher lipid content than blood serum.

The WHO and the United Nations Environment Programme (UNEP) performed
seven global human exposure studies for certain persistent organic pollutants (POPs)
between 1987 and 2019. Initially, these studies were conducted by WHO for
polychlorinated biphenyls (PCB), polychlorinated dibenzo-p-dioxins (PCDD) and
polychlorinated dibenzofurans (PCDF). After a sufficient number of countries
ratified the Stockholm Convention on POPs in 2004, WHO and UNEP agreed to
collaborate in joint studies to support the implementation of the convention. The
number of POPs initially covered by the convention was expanded considerably
since its adoption (UNEP 2020). SCCP were added in 2017 to Annex A to the
Convention for elimination of production and use of chemicals. The Article
16 requires the periodic evaluation of the effectiveness of the convention in reducing
emissions of POPs. One of the pillars of this evaluation is to be based on comparable
and consistent monitoring data on the presence of POPs in the environment and in
humans. Therefore, four more rounds were organized by WHO and UNEP between
2005 and 2019.

As such, human milk samples are often used to report occurrence levels of
lipophilic contaminants such as polychlorinated biphenyls (PCB) (Mamontova
et al. 2017; Miiller et al. 2017; Bawa et al. 2018), polychlorinated dibenzo-p-dioxins
and dibenzofurans (PCDD/F) (Abballe et al. 2008; Fang et al. 2015), brominated
flame retardants (BFR) (Antignac et al. 2016), organochlorine pesticides (OCP)
(Al Antary et al. 2017; Polanco Rodriguez et al. 2017; Bawa et al. 2018; Chen
et al. 2018) and CP (Cao et al. 2017; Xia et al. 2017a, b; Yang et al. 2018), see also
review in Part I of this book (Fiirst 2023). Cross-comparisons of these studies are
however exceedingly difficult, as the necessary ethical clearances and budget
constraints seem to result in small studies with mixed parity of the mothers, only
rarely screening for contamination sources and mixtures of individual, city-wide
grouped or regionally grouped samples. Especially individual samples often show
high variability and hinder comparisons on an international level (Kritschmer et al.
2021a).

The sampling protocol implemented by the WHO and UNEP in their human milk
studies however results in cost-effective nation-wide pools which are considered to
represent countries or subpopulations at the time of sampling (Malisch et al. 2023c).
The gradual addition of new persistent organic pollutants to the analysis portfolio of
these studies since entry into force of the Stockholm Convention in 2004 (Stockholm
Convention 2013) led to the addition of SCCP as optional parameter in 2012 in these
studies.

In accordance with the implementation of the Global Monitoring Plan (GMP),
parties report through one of the five UN Regional Groups (Malisch et al. 2023c).
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Fig. 3 Overview of countries discussed in this article, with assinged UN Regional Groups. AFR,
Africa; ASPAC, Asia-Pacific Group; CEE, Central and Eastern Europe; GRULAC, Group of Latin
American and Caribbean Countries; WEOG, Western European and Others Group (including
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Therefore, countries are classified according to one of the following five geopolitical
groups (DGACM 2019) for the purposes of this article: the African Group (AFR),
the Asia-Pacific Group (ASPAC), the Group of Latin American and Caribbean
Countries (GRULAC), the Central and Eastern Europe (CEE) and the Western
European and Others Group (WEOG). Notably, Australia is a member of the
WEOG instead of the geographically closer ASPAC group (Fig. 3).

The method used for analysis of samples collected between 2009 and 2015 at the
State Institute for Chemical and Veterinary Analysis (CVUA) Freiburg produced
results which can be discussed as total CP values only (Kritschmer and Schéchtele
2019). With regard to plans to add specifically SCCP (and not MCCP or LCCP) to
the listed compounds, a new method using high-resolution mass spectrometry with
Orbitrap technology was established and applied to the human milk samples starting
2016. This method allowed for the distinction between SCCP and MCCP as well as
qualitative detection of some LCCP (Méziere et al. 2020; Kritschmer et al. 2021a, b;
Schichtele et al. 2023); it was used also for re-analysis of samples arriving after
2011, if sufficient sample amount was left. Suitability of this method was shown
through participation in several interlaboratory studies and proficiency tests on food
and biota samples containing SCCP and MCCP (Kritschmer and Schéchtele 2019;
Schichtele et al. 2023).

All substance-specific data were deposited at the Global Monitoring Plan Data
Warehouse (GMP DWH), which can be publicly accessed. This serves as the source
of information for the regional and global reports of the GMP and for the evaluation
of the effectiveness of the convention to eliminate or reduce emissions of selected
POPs (Global Monitoring Plan Data Warehouse 2020).
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2 Materials and Methods
2.1 Sample Collection

The detailed study design, rationale and sample collection procedure are described
elsewhere (Kritschmer et al. 2021b; Schéchtele et al. 2023). To summarize, national
coordinators in each participating country organized representative sampling
campaigns, with the eligibility criteria applied to the mothers including willingness
to breastfeed, age of the mother, primiparity, expectation of a singleton, healthy
pregnancy, a minimum time of 10 years residency in the area and the absence of
known POP hotspots near the place of residence. Samples were collected 3—8 weeks
after birth with informed consent of the mothers, of which 25 mL was analysed
locally for basic POPs (e.g., indicator PCB or pesticides). The rest of each sample
from at least 50 mothers was added to one pooled milk sample per country and
shipped frozen to CVUA Freiburg (Germany) and Orebro University (Sweden) for
analysis. Lower numbers of contributors (at least 25 mothers) to the pooled samples
were accepted in the case of small countries. The present report solely includes
results produced in Freiburg.

2.2 Sample Preparation

Sample preparation of the pooled samples was performed as described elsewhere
(Kritschmer et al. 2019, 2021a). In brief, 50 g of the hand warm, homogenized
sample was treated with cooled centrifugation (4 °C, 3000 rpm, 10 min) in baked-out
glass centrifuge tubes to separate the cream from the hydrogenous phase. After
adding the recovery standard (]3C10-1,5,5,6,6,10-hexach10r0decane, Cambridge
Isotope Laboratories, Tewksbury, MA, USA), the cream was then dried by grinding
with sodium sulphate until a powdery consistency was reached. Cold extraction with
dichloromethane/n-hexane (1:1, v/v) was performed and the filtered solvent
evaporated to dryness.

Further sample clean-up was performed using glass column chromatography
using an acidified silica column and fractionation on a Florisil column (magnesium
silicate primed with 1.5% water). The second fraction containing CP was then
concentrated before the addition of the syringe standard e-hexachlorocyclohexane
(e-HCH, Dr. Ehrenstorfer, Augsburg, Germany) for analysis.

2.3 Measurement of SCCP and MCCP

Given the major developments in this field of analysis in recent years, the method
applied to human milk samples at CVUA Freiburg has also changed over the years.
Until 2016, CP samples were analysed by GC-EI-MS/MS (Reth et al. 2005), using
the average results of three monitored mass transitions (m/z 102 — 67, m/z 102 —
65, m/z 91 — 53). This allowed for a reliable and comparable quantification of the
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total CP amount in the sample, but not for a distinction between SCCP and MCCP.
The new method introduced 2017 used GC-ECNI-Orbitrap-HRMS, with a high
enough mass resolution and full scan mode able to discern between SCCP and
MCCP on the homologue group level (Kritschmer et al. 2018).

While high-resolution mass spectrometry often allows for quantification of the
full spectrum of homologue groups in order to quantify CP of a certain alkyl chain
length, a reduction of the number of mass traces to be monitored would also help
speed up establishing CP analysis more widely in environmental and food
laboratories. It needs to be pointed out though that the chlorination patterns shown
here were originally determined by GC-ECNI-HRMS and later corrected for their
known shift toward higher chlorination degrees with a set of correction factors
(Méziere et al. 2020).

24 Quality Control

Each sample batch additionally included a procedural blank (sodium sulphate
prepared like a sample) as well as different quality control (QC) samples. To
match the pooled human milk samples of the present study, these QC samples
consisted of raw cow’s milk with and without the fortification with SCCP and
MCCP standards on different levels. Recoveries ranged 83-110% (SCCP) and
84-119% (MCCP) for the GC-ECNI-Orbitrap method and 84—101% (CP) for the
GC-EI-MS/MS method, respectively. Procedural blanks were 0.166 + 0.023 ng/g
sample CP for the samples from 2012 to 2017 and 0.098 + 0.016 ng/g sample SCCP
and 0.046 + 0.038 ng/g sample MCCP for samples from 2017 to 2021. Limits of
quantification (LOQs) were determined based on validation studies and the proce-
dural blank levels.

As reported elsewhere, LOQs for human milk samples using the GC-ECNI-
Orbitrap-HRMS method were 7.1 ng/g lipid SCCP and 12 ng/g lipid MCCP
(Kritschmer et al. 2021a). All samples investigated with this method were above
the LOQ. The LOQ for human samples using the GC-EI-MS/MS method was 38 ng/
g lipid CP. Total CP results for three of the 27 pooled samples analysed using this
method were below LOQ. More detailed description of the initial and ongoing
validation process, interlaboratory exercise results and the different quantification
approaches can be found in a different part of this book (Schichtele et al. 2023).

25 Assessment of Temporal Trends

General temporal trends were assessed for total CP content (all 84 samples, collected
2009-2019 in 57 countries) and for SCCP and MCCP concentrations (57 samples/
countries collected 2015-2019; GC-Orbitrap-HRMS). Evaluation was based on the
non-parametric linear Theil-Sen trend estimator (Sen 1968; Theil 1992) in order to
address that exponential trends were expected (as commonly observed in cases after
stop of production and application of a chemical rather than unrealistic linear trends
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(Sharma et al. 2021)). The R package ‘Median-based Linear Models (mblm)’
(Komsta 2013) was used for this regression.

Trends were positively assigned if the trend test (significance of the Theil-Sen
estimator) was positive on 95% confidence level of significance (i.e., p-values <
0.05). Simulations showed that the Theil-Sen p-values are never <0.05 for less than
5 data points. Yet, the required five data points were not available for any country.
This prevented that statistically significant temporal trends could be derived for
individual countries. However, pooling of data in regions allowed us to investigate
statistically significant time trends for several UN Regional Groups and at the global
level (Sect. 3.1).

2.6 Grouping of Countries into UN Regional Groups

For the purpose of this article, participating countries are not grouped by geographi-
cal aspects, by according to the United Nations Regional Groups, although including
the non-member state Kiribati in the Asia-Pacific Group.

3 Results for Samples Collected 2009-2019
3.1 Global Overview of Sum of CP Levels

As mentioned in the previous section, samples of the 2009-2011 period and some
samples of the 2012-2013 period were only analysed on the sum of CP. Only a few
samples collected in 20122013 and all samples arriving after 2014 were (re-)
analysed on both SCCP and MCCP and on homologue group patterns. For a better
comparison with older samples, the new samples were also discussed by means of
their sum of CP values.

Remarkably, average CP levels in the Asia-Pacific Group (ASPAC) and Central
and Eastern Europe (CEE) were lower in 2009-2014 compared to the period
20152019 (Fig. 4). By contrast, average CP levels in the Western European and
Others Group (WEOG) seem to have decreased in the more recent time period, with
a comparatively close grouping of the results. The median results of the African
Group (AFR) and the Group of Latin America and Caribbean Countries (GRULAC)
were very similar in both time spans so that no trend could be observed. It needs to
be pointed out though that two data points are by no means sufficient to indicate an
overall time trend for a region or country. Still, an overall indication of increasing CP
levels in the background contamination of human milk in two out of five UN
Regional Groups is cause for concern.

Further evaluation of temporal trends of the CP levels in the five UN Regional
Groups was carried out with the Theil-Sen method to derive changes over a 1- and
10-year period (Fig. 5). Again, no significant changes of CP levels were observed in
the AFR and GRULAC groups as a whole, while a decrease by 63% was calculated
in the WEOG group over 10 years (p = 0.001). In contrast, in the ASPAC and CEE
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Fig. 4 Range of sum of CP determined in pooled human milk samples from the 2009 to 2019
period of WHO/UNEP-coordinated human milk studies. AFR, Africa; ASPAC, Asia-Pacific
Group; CEE, Central and Eastern Europe; GRULAC, Group of Latin American and Caribbean
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groups CP increased by up to 200% over the decade (p < 0.010). The 10-year-trend
worldwide, based on all 84 results of 57 countries covering the period between 2009
and 2019 indicated an increase of total CP in human milk by 30% (p < 0.001)
(Table 1, Fig. 5).

Whereas for the assessment of temporal trends (over a decade) of total CP
concentrations could be based on a sufficient number of samples for nearly all UN
Regional Groups and globally, the available SCCP and MCCP data covered only a
much shorter periods in most groups (AFR: 2015-2019; ASPAC: 2018-2019;
GRULAC: 2012-2019; EEC: 2014-2019; WEOG: 2013-2019). Therefore, tempo-
ral trends in individual UN Regional Groups could not be examined. Yet, on a global
level (using all available data) indicated an increasing trend for both MCCP and
especially SCCP (Table 2), although only the observation for SCCP is statistically
significant (p < 0.001).

This overall increasing trend was in line with predicted increase of the CP
production (Gliige et al. 2016) and diametrically opposed to the overall decreasing
trends for most of the other POPs monitored within the UNEP human milk survey
(Malisch et al. 2023a, d).
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Fig. 5 Temporal trends of the sum of CP concentrations in pooled human milk samples in ASPAC,
CEE and WEOG UN Regional Groups and globally (ng total CP/g lipid). Decrease rates and
uncertainty were determined using the Theil-Sen method. Negative decrease rates are to be read as
increase in that time period

Table 1 Annual and decennial trends for the sum of CP in human milk determined using the Theil-
Sen method. Negative decreases are to be read as increase

Decrease overall [%)]
UN Regional Group n Annual Decennial p-value overall
Africa 27 —0.6 —6.3 0.663
ASPAC 15 -11 -179 0.009
GRULAC 21 1.0 9.5 0.737
CEE 11 -12 -197 0.007
WEOG 10 9.4 63 0.001
global trend 84 2.6 -29 <0.001

n, number of samples

Table 2 Annual and decennial trends for SCCP and MCCP in human milk worldwide determined
using the Theil-Sen method. Negative decreases are to be read as increase

Decrease overall [%)]
Parameter n Annual Decennial p-value overall
SCCP 57 -8.9 -134 <0.001
MCCP 57 —4.3 -53 0.237

n, number of samples
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3.2 A Closer Look by Geographical Area

Within each geographical area, a wide range of CP levels was found (Figs. 6 and 7).
Most notably, the samples from Mongolia (2018, 700 ng/g lipid CP) and Niger
(2015, 680 ng/g lipid CP) were higher than other samples from their regional groups.
However, an earlier sample from Niger (2011, 240 ng/g lipid CP) was markedly
lower in its CP levels, indicating a considerable increase in comparison with the
2015 pooled sample. The sum of CP increased between two sampling periods by
more than a factor of 2 also in Mauritius, Czech Republic, Peru and Uruguay.

On average, African and Asia/Pacific pooled samples had the highest combined
SCCP and MCCP content of the five UN Regional Groups: with a median of
160 ng/g lipid each and mean results of 190 ng/g lipid (AFR) and 200 ng/g lipid
(ASPAC), respectively, they surpassed mean and median levels of the other three
groups by a factor of 2-3. Looking at the standard deviation of samples from the
same UN region, AFR and ASPAC again surpass the other Regional Groups with
120 and 170 ng/g lipid or 63—84%, respectively. These high standard deviations are
mostly caused by a few countries with remarkably high CP levels, but also based on

a higher general variation between the different countries.
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Fig. 6 SCCP, MCCP and sum of CP amounts for pooled country samples of human milk from
member states of the African Group (AFR) and the Asia-Pacific Group (ASPAC)
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Fig. 7 SCCP, MCCP and sum of CP results for pooled country samples of human milk from
member states of the Central and Eastern Europe (CEE), Western European and Others Group
(WEOG) and Group of Latin American and Caribbean Countries (GRULAC). Brazil submitted
three samples from different regions in the same year, see Sect. 3.2

Interestingly, variations between country samples in Europe, Western countries
and South/Latin America were much smaller in absolute numbers with only
~40-50 ng/g lipid, but comparable to the African groups’ relative standard deviation
with a range of 51-59%. This is especially notable since WEOG also includes
Australia as a geographically separated member, drastically widening the area
covered by the otherwise very continent- or region-specific groupings. However,
looking solely at Pacific Island States within the ASPAC group, a much lower
standard deviation and more uniform distribution of SCCP and MCCP was
observed, with the exception of Palau (2018). The standard deviation of the total
CP amount for these countries was 87 ng/g lipid or 36%. While the overall CP levels
seem more comparable in this area, available specific data on SCCP and MCCP
levels show a higher variation of MCCP between these countries (56 ng/g lipid
or 50%).

Unfortunately, the available population data on these pooled samples does not
allow for more specific investigations of reasons for the observed differences
between different countries in the same UN Regional Group. Especially the consid-
erable number and diffuse nature of possible contamination sources causing expo-
sure to CP means that despite careful planning and canvassing participants for the
human milk studies in order to avoid known hotspots for other POPs, some
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individuals with markedly higher CP exposure levels might have been included as
one of the 25-50 donors contributing to the pooled samples. Such outliers might lead
to a bias in the pooled sample, more so if the overall observed concentrations are on
the lower end of the concentration range (Gewurtz et al. 2011).

Even without such a scenario, differences in consumption behaviour, underlying
medical conditions, living environment or travel habits can lead to variations in the
individual and pooled human milk samples. For example, the presence of many
plastic (i.e., polyvinyl chloride, PVC) consumer products and building materials
might cause higher daily CP exposure, for example through transfer into food from
packaging material or through evaporation from electronic equipment or flooring
(Schinkel et al. 2019; McGrath et al. 2021). Studies also suggest that rapid weight
loss or (potentially undiagnosed) underlying medical conditions like type-2 diabetes
mellitus can lead to an increased release of POPs into the blood circulation instead of
accumulation in fatty tissue (e.g., Jansen et al. 2017; Berg et al. 2021), although no
data on CP are available.

The larger differences in results observed between pooled samples from the same
country and sampling year, i.e. three pooled samples from Brazil (2012), and two
pooled samples from Australia (2013), but not between two pooled samples from
Germany (2019), however are caused by different population groups and/or regions
being sampled. The direct comparison of country-specific results also shows that
samples belonging to CEE, GRULAC and WEOG were in most cases below 150 ng/
g lipid CP, while AFR and ASPAC samples surpassed that mark in 15 of 27 (AFR)
and in 8 of 15 (ASPAC) cases, respectively.

The comparison between Western and Eastern European countries is interesting
in the context of the EU—even though most of the countries shown as part of CEE
and WEOG in Fig. 7 have been subject to the same POPs regulations since the early
2010s (Commission Regulation (EU) No. 519/2012), there is a distinction between
most Western European countries with equal or higher shares of SCCP and most
Eastern European countries with equal or higher shares of MCCP.

As likely reason for these differences between countries that are in close proxim-
ity to each other, the locations of CP production sites might be considered, which
included Germany, France, Italy, Spain, Slovakia, Romania and the United King-
dom (ECHA 2008; Euro Chlor 2021). However, studies of air samples found that
emissions from CP productions plants only influence the immediate area, whereas
CP levels in the urban environment seem to be caused by the numerous consumer
products containing CP present in every household (Niu et al. 2021). Therefore, the
wide use of CP, e.g., in mainly plastic products needs to be considered, as well. With
the exception of Germany, available pooled human milk samples from these
countries seem to have a slight dominance of MCCP, which fits with the predomi-
nant production and use of MCCP and LCCP even before the EU ban of SCCP
production in 2012 (European Commission 2012) combined with the long product
life of SCCP put on the market before 2012.

Regarding the relation between SCCP and MCCP, MCCP levels at least equalled
SCCP levels in most pooled country samples of all UN Regional Groups,
contributing 24-85% to the total CP levels reported here (Fig. 8). In 36 of the
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ASPAC, Asia-Pacific Group; CEE, Central and Eastern Europe; GRULAC, Group of Latin
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53 countries where distinct data is available, MCCP even surpassed SCCP. Using
the SCCP/MCCRP ratio as an indication of this relation, it is interesting to see that
African and Eastern European country samples had a tendency toward a higher
dominance of MCCP, whereas in the other UN Regional Groups, median SCCP
levels were closer to equal distribution compared to MCCP (AFR 58% MCCP,
ASPAC 55%, GRULAC 53%, CEE 67%, WEOG 54%).

Interestingly, the pooled European samples seem to have a different SCCP/
MCCEP distribution in comparison with the samples of human milk reported for
individual European countries: While one English and two Swedish studies on small
regional pools or individual samples showed a slight to very strong dominance of
SCCP over MCCP (in contrast to a slight dominance of MCCP in the Swedish
sample of 2019), another study on individual samples from Germany in 2011
indicated the opposite (Thomas et al. 2006; Hilger et al. 2011; Darnerud et al.
2012; Zhou et al. 2020). Similar to the German pool sample of the present study
(collected 2019, 65% of the determined CP were MCCP), the median of all individ-
ual samples from the 2011 study had 66% MCCP (Hilger et al. 2011). Further
comparison or interpretation of these data is however not advisable, as individual
samples from one small geographical area will have a different distribution as
representatively sampled pools of the whole country and data on comparability of
the applied quantification methods are not always available. Additionally, the 2011
dataset included a large number of left-censored data.

The remarkable difference between most WEOG and CEE samples might, like
previously mentioned, be explained by differences in consumer behaviour, CP
production industries, and availability of MCCP-containing products as result of
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global trade, but lack of data on both aspects does not allow for any conclusions in
this regard.

There is no recent literature data on CP in human milk available for Latin
American and African countries. Studies describing levels and SCCP/MCCP
distributions in Chinese samples indicate a much higher level of contamination
especially in China and more dominantly consisting of SCCP (Xia et al. 2017a; b).
Other studies on Chinese, Korean and Japanese regional pooled samples unfortu-
nately only determined SCCP levels, so no further information on other CP groups
could be obtained (Cao et al. 2017; Yang et al. 2018). It seems that China as one of
the predominant CP producing countries has a different contamination pattern and
level than other Asian countries which most likely are primarily exposed through
product use. Unfortunately, neither China nor India, which also produces copious
quantities of CP, did participate in the studies presented here.

3.3 Relation to Other POPs 2015-2019

Considering concentrations of a broad spectrum of 28 recommended chlorinated and
brominated analytes in the pooled human milk samples (Malisch et al. 2023c),
ranking SCCP and MCCP among these other Stockholm Convention POPs as listed
until 2019 becomes feasible. For ease of comparison, the following listed 27 POPs
included in this ranking were sorted into two groups:

* Pesticides—aldrin, chlordane, chlordecone, dichlorodiphenyltrichloroethane
(DDT), dicofol; dieldrin, endosulfan, endrin, heptachlor,
a-hexachlorocyclohexane (HCH), p-HCH; y-HCH; mirex, pentachlorobenzene,
pentachlorophenol (including pentachloroanisole) and toxaphene

* (Other) Industrial chemicals and by-products—hexabromobiphenyl
(HBB), hexabromocyclododecane (HBCDD), hexachlorobenzene (HCB),
hexachlorobutadiene; polybrominated diphenyl ethers (PBDE: tetra- and
pentabromodiphenyl  ether; hexa- and  heptabromodiphenyl ether;
decabromobiphenylether), polychlorinated biphenyls (PCB), polychlorinated
dibenzo-p-dioxins (PCDD), polychlorinated dibenzofurans (PCDF) and
polychlorinated naphthalenes (PCN).

Apart from WEOG and CEE, SCCP and MCCP dominated the share of POPs
grouped as industrial chemicals and by-products in most areas (Fig. 9). Especially in
continental European countries, the well-documented legacy POP problem with
PCB (Breivik et al. 2007) apparently led to a higher share of industrial chemicals
in human milk samples (Costopoulou et al. 2006; Abballe et al. 2008; Fang et al.
2015; Antignac et al. 2016; Malisch et al. 2023d, e). However, no further
conclusions as to the source(s) or time frame of the PCB exposure are possible,
since the investigation of POPs sources was not the aim of the studies presented here.
A more detailed description of POPs distribution and likely sources can be found in
part one of this book (Fiirst 2023) and, with more detail on regional distribution and
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Fig. 9 Median sum of all POPs except PFAS analysed in pooled human milk samples from
2015-2019, sorted by UN regions and broken down into Stockholm Convention POPs groups
(bar charts) and further into components of the ‘industrial chemicals’ POPs group (pie charts). AFR,
Africa; ASPAC,Asia-Pacific Group; CEE, Central and Eastern Europe; GRULAC, Group of Latin
American and Caribbean Countries; WEOG, Western European and Others Group

trends, in the Stockholm Convention regional monitoring reports (Stockholm Con-
vention 2022).

Compared to all other POPs analysed in the samples and listed above, the
concentrations of the sum of SCCP and MCCP were in most cases only surpassed
by the pesticide DDT and its metabolites, excepting only continental European
countries (part of WEOG and CEE) with high shares of PCB (Kritschmer et al.
2021a). Notably, DDT and its metabolites dominated the pesticide group throughout
all regions with share of more than 90% (Kritschmer et al. 2021a; Malisch et al.
2023a, b).

Similarly elevated levels of DDT were also found in other human milk studies in
Italy (Abballe et al. 2008), Jordan (Al Antary et al. 2017), France (Antignac et al.
2016), India (Bawa et al. 2018), Taiwan (Chen et al. 2018), Tanzania (Miiller et al.
2017) and Siberia (Mamontova et al. 2017). The most likely reason for high DDT
exposure in warmer climates is the use as insecticide to combat malaria (Conference
of the Parties of the Stockholm Convention 2013). Additionally, a 2001 study with
women of the Mohawk nation was also able to link higher levels of DDT and HCB in
human milk to increased fish consumption of some of the participants (Fitzgerald
et al. 2001), so it is likely that several factors have influenced DDT exposure (e.g.,
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food chain, aim and time of restriction of use in countries/UN regions), similar as
illustrated for main exposure pathways to CP in a previous section of this article.

As fish only plays a very minor role in dietary intake in most European countries
(EFSA 2011), the elevated levels of CP and other POPs found in fish on the
European market (Parera 2013; Fernandes et al. 2018; Kréitschmer et al. 2019,
2021b; Labadie et al. 2019) are expected to only have a minor influence on CP
level in human milk from that area (Albers et al. 1996).

4 Considerations on CP Homologue Patterns
4.1 UN Regional Group Characteristics

While concentrations of SCCP and MCCP are important from a risk assessment
point of view, the homologue group patterns of samples can give indication on
possible contamination sources or at least the severity of contamination with certain
chlorination degrees or CP chain lengths. Homologue group patterns have previ-
ously been shown to be specific to geographical regions or species (Zhou et al. 2018;
Kritschmer et al. 2019). When comparing these homologue group patterns, two
aspects should be regarded:

(a) Distribution of alkyl chain lengths (Fig. 10) and
(b) Distribution of numbers of chlorine atoms (Fig. 11)

The median distribution of alkyl chain lengths in the five UN Regional Groups
shows that SCCP (C,¢—C;3) are still very present in all parts of the world, in
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Fig. 10 Relative contribution of alkyl chain lengths C,;;—C9 to the median CP homologue patterns
for each UN Regional Group. Data derived using GC-ECNI-HRMS. AFR, Africa; ASPAC, Asia-
Pacific Countries; CEE, Central and Eastern Europe; GRULAC, Group of Latin American and
Caribbean Countries; WEOG, Western European and Others Group
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Fig. 11 Relative contribution of different chlorine atom numbers to median homologue patterns of
the five UN Regional Groups. Data derived by GC-ECNI-HRMS with application of ECNI
correction factors (Méziere et al. 2020). AFR, Africa; ASPAC, Asia-Pacific Countries; CEE,
Central and Eastern Europe; GRULAC, Group of Latin American and Caribbean Countries;
WEOG, Western European and Others Group

agreement with the previously discussed SCCP/MCCP ratios. Interestingly, the
amount of chlorinated decanes (C;y-CPs) seems to have the highest variation
among SCCP, with especially high shares in ASPAC sample pools. Such a distinct
change in overall CP pattern might indicate a contamination source possibly typical
for this area especially for the Pacific islands as they present most countries included
in this group. Another interesting observation is the dominance of chlorinated
tetradecanes (C;4-CPs) among MCCP (C,4—C;7), but also among the whole CP
pattern. This is in accordance with findings in environmental samples (Kritschmer
et al. 2019). Even though they were not quantified during this study, some LCCP
(C18—Cs), here especially chlorinated octadecanes (C;g-CPs), were detected in
8 European and 14 African sample pools.

Given the increasing reports of LCCP (C;3—C,() and vLCCP (C,;—C3¢) in food
(e.g., Ding et al. 2021) and the environment (e.g., Yuan et al. 2021), a further
increase of these CP groups can also be expected in human milk studies in the
future. With CP being used in cable insulations and other parts of electronic
equipment (Wang et al. 2018), mismanaged consumer product and electronic
waste is a potential contamination source that is likely to show up in human surveys
in addition to the primary use of the products themselves (Perkins et al. 2014). This
might especially be of importance for countries with considerable amounts of
e-waste recycling or large dumping sites outside government control, like it was
reported in the past for Ghana and Nigeria (Schmidt 2006; UNEP 2018). Currently,
e-waste management is regulated in eight African countries including Egypt, Ghana,
Nigeria and Cdte d’Ivoire, who are part of this human milk survey (Forti et al. 2020).
In East Africa, a group of countries including the study participants Tanzania,
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Uganda and Kenya have published a common strategy paper on e-waste manage-
ment 2017, though progress in implementation varies (EACO 2017). While this
possible exposure pathway seems valid for a variety of compounds, present data on
pooled human milk samples from the first (2008—-2010) and second sampling periods
(2015-2019) do not show a uniform increase or decrease of CP levels in the
mentioned countries, likely surpassed by other predictors and natural variations
between study subjects.

In general, discussions of homologue group patterns always necessitate knowl-
edge of the applied instrumentation and correction measures to evaluate and com-
pare results (Krdtschmer and Schichtele 2019; EURL POPs 2021). As is clearly
shown in Fig. 11, chlorine numbers above 10 play a negligible role, whereas the sum
of six to nine chlorine atoms describes 43—82% of the detected CP homologue
groups. McGrath et al. proposed a method only evaluating homologue groups with
six and seven chlorine atoms and validated this for different food matrices (McGrath
et al. 2020).

However, application of this method on the human milk samples in the present
studies would lead to a significant underestimation of CP concentrations: Only the
African pooled samples would be described to a degree of more than 50%, whereas
all other median area patterns contain homologue groups with six and seven chlorine
atoms only to 22-30%. It is therefore uncertain if the screening method of McGrath
et al. (2020) would still adequately quantify the overall amount of CP present in
those sample pools. ASPAC, WEOG and CEE samples seem to be similar in their
overall chlorination degree with low amounts of five chlorine atoms and the increas-
ing presence of decachlorinated alkyl chains.

Interestingly, similarities between African and European sample pools apparent
in the comparison of alkyl chain length patterns are not reflected in the chlorination
levels (Fig. 11): the median Cl pattern of African pool samples features a much
larger share of pentachlorinated CP (>20%) than the European sample pools (<3).

The difference in number of chlorine atoms has different impact on SCCP, MCCP
and LCCP due to their increasing carbon chain lengths (Fernandes et al. 2022). For
example, the mean number of chlorine atoms in C;(-CP in the WEOG area is 6.7
(Fig. 12a), translating into a mean chlorination degree of 63% (Fig. 12b). In
comparison, the mean chlorine number for C4-CP in Africa is also 6.7, but it
translates into only 55% CI1 for this CP chain length. However, some variation
between individual samples is to be expected, as the patterns discussed here are
median values of several pooled samples which themselves consist of numerous
individual samples.

4.2 Sub-groups within UN Regional Groups

The UN Regional Groups used throughout this article are a political and economic
construct, often formed in the early 1960s (UN General Assembly 2000). As such,
they do not necessarily reflect similar population characteristics or environmental
influences, which might lead to observable changes in CP levels. While the African
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group and the GRULAC countries are defined by geographical boundaries, espe-
cially WEOG countries and the ASPAC group combine countries of vastly different
characteristics and locations. These differences have been previously addressed at
25th plenary meeting of the 55th United Nations General Assembly, where the
formation of an Oceania regional group including Australia and New Zealand was
proposed by the representative of Nauru (UN General Assembly 2000). In the
interest of a closer evaluation of the results in the ASPAC region, three
sub-groups were made for the countries participating in these studies: AP-1 (Pacific
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Table 3 List of the AP-1 AP-2 AP-3
z(fnxl;r;icm cach sub-group Fiji Cambodia Mongolia
Kiribati Indonesia Tajikistan
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Palau Vietnam
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Fig. 13 Map of the sub-groups within the ASPAC region and relative contributions of carbon
chains and chlorine numbers to median homologue group patterns for each of them. For concise-
ness, not all Pacific Island countries named in Table 3 are shown on this map

Islands), AP-2 (South-East Asia) and AP-3 (Central Asia). The exact grouping is
shown in Table 3. Between these sub-groups, strong differences in SCCP and MCCP
levels, average chlorination degrees and median homologue group patterns could be
observed only for AP-3 (Fig. 12).

Between these sub-groups, strong differences in SCCP and MCCP levels, aver-
age chlorination degrees and median homologue group patterns could be observed
only for the Central Asia sub-group (Fig. 13). Although the South-East Asian
countries present more MCCP than the Pacific Island countries evaluated here, the
rest of the overall patterns both in terms of chain length distribution and chlorine
distribution are very similar. This might indicate different CP sources on the Pacific
coast and further inside continental Asia. As only pattern data is available for
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Mongolia in sub-group AP-3, no conclusions can be made on product streams or
likely source countries.

Without the participation of the USA or Canada in the surveys presented here, the
WEOG region consists of Western European countries and Australia. Geographi-
cally, some of the European WEOG countries are directly neighbouring countries of
the CEE group (Fig. 14). A comparison of the median carbon chain and chlorine
distribution patterns confirms the alleged differences between European WEOG
countries and Australia, as the latter has visible contributions of longer MCCP and
even C;g-LCCP in its median pattern. Interestingly, the median pattern of CEE
countries does not match the other European countries, mostly due to a higher
contribution of C;4-MCCP and octachlorinated homologue groups to the overall
pattern.

However, this specific carbon chain pattern matches reasonably well the pattern
of AP-3, the Central Asian sub-group including Mongolia already shown in Fig. 13.
While the median chlorine distributions do not completely match, the pattern
similarities are enough to suggest at least some overlap in CP sources between
Central/Eastern Europe and Mongolia. Common economic pathways are likely to
have played a part in the distribution of either CP mixtures or products containing CP
in this area, at least in the past if not at present. Unfortunately, we do not have a
Chinese pooled sample to compare patterns with, so it remains unclear if the present
findings originate from the distribution of CP (formerly) produced in Eastern Europe
(ECHA 2008; Euro Chlor 2021) or in China.

These two examples have shown that there are several different ways of grouping
the countries participating in the UNEP human milk surveys. While the grouping by
official UN Regional Groups as practised throughout this article is a valid option,
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some connections—or differences—can only be shown when a more
geographically-based approach to grouping is chosen. As a variety of economic,
political, geographical and social factors are likely to play a role in the distribution of
and consequently exposure to CP, any kind of group approach will always limit the
insight into sources for individual countries. This article is merely meant to give a
first insight into available data and encourage competent authorities to investigate
further.

4.3 Differences Depending on Sampling Region

Sampling guidelines for the UNEP human milk surveys describe the pooled samples
of each country to be representative of the background contamination of the
country’s citizens (UNEP 2017). However, even with careful screening and
choosing of the participants, differences in consumer preferences, undisclosed or
unknown contamination sources or even differences in food choices might influence
the resulting CP homologue pattern of the pooled sample.

For example, in 2013, Brazil submitted three different samples, which varied
considerably in the CP content, namely by a factor of ~3 for SCCP (17-60 ng/g
lipid) and by a factor of ~8 for MCCP (5.5-40 ng/g lipid). These samples were
collected in three different greater regions of Brazil: the barely populated North
Region, additionally including the central-west federal states Mato Grosso and Mato
Grosso do Sul (Northwest, BR-GR1); the Northeast Region (BR-GR2); and the
densely populated South and Southeast Regions additionally including the Federal
District and Goias (BR-GR3). These differences in region and population are also
visible in the homologue group patterns of these samples (Fig. 15).

Most strikingly, the homologue group pattern of the sample pool from the
southern federal states including the Federal District (BR-GR3) showed a
completely different CP pattern than the other two, emphasizing MCCP and LCCP
with lower chlorination degrees much more than the other patterns. It is at the same
time also the pool with the highest amount of SCCP and MCCP quantified among
the three. While the BR-GR1 and BR-GR2 pools share some similarities on the first
look, the sample pool from the Northeast Region (BR-GR2) has an overlying higher
chlorinated SCCP pattern (C;o—C3, Cly—Cl;;) similar to known technical SCCP
mixtures (Schinkel et al. 2018; Sprengel and Vetter 2019; Fernandes et al. 2022,
example in Fig. 16).

In this case, further follow-up investigations might be advisable, as such a
Gaussian distribution over several alkyl chain lengths is highly unusual in a
metabolized sample. Therefore, in different regions of a country, various patterns
can be observed. Such findings underline the need for robust, representative sam-
pling in all areas of a participating country for the pooled sample. A follow-up with
analyses of individual samples could reveal the ranges of CP concentrations and
variation of patterns within Brazil or any other country with unusual homologue
pattern distributions in the pooled samples.
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Fig. 15 CP homologue group patterns for human milk pooled samples collected in three greater
regions of Brazil 2012 with indicated sum concentrations of SCCP and MCCP. Patterns derived
from GC-ECNI-HRMS data with correction factors for lower chlorinated homologue groups.
BR-GR1: North Region, with Mato Grosso and Mato Grosso do Sul; BR-GR2: Northeast Region;
BR-GR3: South Region and Southeast Region, with additional states Federal District and Goias

While the correlation between age of the mothers and level of different (non-CP)
chlorinated contaminants in human milk could be proven as early as 1996 (Albers
et al. 1996), a newer study on CP in human milk from 2021 revealed no correlation
between CP levels and age, height, weight, fish consumption or place of residence
(urban/rural) of the participating mothers (Kratschmer et al. 2021a). With next to no
data available on metabolization of CP and correlated changes in homologue group
patterns, this might be an avenue worth investigating in the future, also to better
understand such regional differences as shown here for Brazil.
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5 Conclusions

While not being the primary or only tissue to bioaccumulate lipophilic contaminants,
the levels of POPs found in human milk of primiparous mothers still represent their
accumulated exposure since birth, partly modified by metabolism and further losses
through excretion (Albers et al. 1996). Therefore, comparing background contami-
nation levels in human milk samples with data on environmental (Fridén et al. 2011;
Hilger et al. 2013; Gao et al. 2016; Brits et al. 2019) or domestic (Schinkel et al.
2019; Wang et al. 2019) samples can help identifying additional contamination
sources not indicated in dietary intake studies. While such information is important
for better understanding CP contamination across the globe, especially for breastfed
infants, the amounts of CP found in human milk as their primary source of suste-
nance are decisive for intake.

The human milk studies of the United Nations Environment Programme (UNEP)
were not designed to point out specific contamination hotspots or to accurately
determine exposure levels. On the contrary, the focus on pooled samples collected
from participants that are expressly not living near known contamination hotspots is
conducive to UNEPs goal of monitoring changes in the overall background contam-
ination levels in humans as part of an effectiveness evaluation of POPs regulations.

In the WHO/UNEP sampling campaigns presented here, CP were found in all
pooled samples from five UN Regional Groups with levels ranging from 9 to 700 ng/
g lipid. Compared to other compounds classified as industrial chemicals by the
Stockholm Convention on POPs, the sum of SCCP and MCCP dominated the
findings in the pooled human milk samples from all UN regions. If the sample
pools with human milk from donors without any known major contamination
sources nearby already shown this consistent, and in some cases, high abundance
of CP, individual samples from local population close to emission spots or as result
of exposure to consumer products or in the domestic environment might be markedly
higher.
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The presence of MCCP, hereto mostly unregulated, could be established world-
wide, often in equal or higher amounts compared to the now regulated SCCP.
Indications of LCCP in samples from WEOG, CEE and GRULAC countries also
give cause for concern and a need for further research in this area. Both findings
show that merely regulating SCCP has led to a shift in production toward longer
carbon chain lengths; a situation that should prompt evaluations of MCCP and
LCCP and further regulatory efforts in this area. CP production already surpasses
the total PCB production volume (1.0—1.5 million tons, Breivik et al. 2007) in a
single year and the 20-25% of the PCB production volume that became ‘environ-
mentally available’ still have a major impact in the human milk samples in some
countries (Grimm et al. 2015; Malisch et al. 2023e). It is to be expected that the
amount of CP released into the environment will continue to rise, likely surpassing
also the cumulative amount of DDT (currently ~2.8 million tons, ATSDR 2022)
soon. Consequently, levels of all types of CP can also be expected to keep rising and
become a steady presence in human milk for decades to come.

While available data represent a pool of several individual samples, the deter-
mined average CP homologue group patterns of each country sample allow for
regional grouping consistent with geographic or economic relations of the countries.
Contrastingly, evaluation of CP homologue group patterns in samples collected in
specific parts of the same country illustrate the large regional variations that disap-
pear within the average country patterns. Efforts to lower CP exposure therefore
need to evaluate sources at a more local level, taking into account regional economic
and nutritional variations, consumer behaviour and possible re-use of legacy
products. Nevertheless, all evaluated CP homologue group patterns presented
some common markers, i.e. the leaning toward higher chlorinated homologues and
a general dominance of chlorinated decanes, undecanes and tetradecanes (C,o-, C;1-
and C4-CPs) within most patterns, although the chlorinated decanes vary markedly
in some of the pooled samples. Further research is needed to establish whether these
commonalities stem from similarities in the technical CP products or from
metabolization/distribution within the human body.
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