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Abstract

Temporal trends of polychlorinated biphenyls (PCB), polychlorinated dibenzo-p-
dioxins (PCDD) and polychlorinated dibenzofurans (PCDF) in human milk were
assessed by consideration only of countries with repeated participation in WHO/
UNEP-coordinated exposure studies performed between 1987 and 2019. In
contrast to a general estimation of time trends from all participating countries,
this is a more precise approach because levels among countries are often highly
variable. Studies on time trends for contaminants in human milk are important
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components of the effectiveness evaluation of the Stockholm Convention on
Persistent Organic Pollutants (POPs). There is no stipulation of a quantitative
goal for the rate of reduction/decrease in POPs levels, however, as a quantitative
objective for studies, these should have the ability to detect a 50% decrease in the
levels of POPs within a 10-year period.

For non-dioxin-like PCB (calculated as the sum of six indicator PCB), a
decrease of about 50% to 60% over 10 years was achieved in most of the five
UN Regional Groups. Considerable decreases in concentrations with reductions
of up to 95% over three decades were observed in European countries with high
concentrations at the end of the 1980s, compared to slower decreases in less
polluted ones. For the toxic equivalents (TEQ) of PCDD/PCDF and the total TEQ
of PCDD/PCDF and dioxin-like PCB, a decrease of about 50% over 10 years was
found mainly in Western European and some other countries with initially
relatively high concentrations. TEQ concentrations of PCDD/PCDF decreased
by up to 90% over three decades. Lower decreases observed in many countries
have to be seen in the context of the quite low levels in these countries in
comparison with other countries.
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1 Introduction

In this compendium, global human milk surveys for chemicals of health and
environmental concerns are reviewed. In five parts, specific papers address various
aspects: Part I gives a review of human milk surveys on persistent organic pollutants
(POPs) from a historical perspective (Fiirst 2023), an overview of the seven exposure
studies coordinated by the World Health Organization (WHO) and the United
Nations Environment Programme (UNEP) performed between 1987 and 2019
(Malisch et al. 2023a) and a review on the Stockholm Convention and its implemen-
tation by regional and global monitoring reports (Sebkovéa 2023). Part II presents
analytical methods and their validation for determination of chlorinated and
brominated POPs between 2000 and 2019, including for polychlorinated biphenyls
(PCB), polychlorinated dibenzo-p-dioxins (PCDD) and polychlorinated
dibenzofurans (PCDF) (Malisch and Schichtele 2023). In Part III the findings for
chlorinated and brominated POPs in samples collected between 2000 and 2019 are
presented in various formats, among them for PCB and PCDD/PCDF (Malisch et al.
2023Db). Part IV presents two kinds of assessments: of risk—benefit analysis for the
breast-fed infant from dioxin-like compounds (van den Berg et al. 2023) and of time
trends derived from countries with repeated participation in the WHO- and UNEP-
coordinated studies in three chapters for (1) PCB and PCDD/PCDF (in this chapter);
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(2) for DDT, beta-HCH and HCB and (3) perfluorinated alkyl substances. The
assessment of temporal trends for polybrominated diphenylethers (PBDE) is
included in the discussion of findings for polybrominated substances in Part III
(Schichtele et al. 2023). Part V presents conclusions and key messages of these
surveys.

A review of scientific publications between 1995 and 2011 on the spatial and
temporal trends of Stockholm Convention POPs in breast milk compiles data on
PCB and PCDD/PCDF levels providing a global overview (Fang et al. 2015).
Furthermore, the regional and global monitoring reports for the Global Monitoring
Plan assess datasets in the core media—ambient air, human tissues (human breast
milk or blood), and water for hydrophilic POPs, but also other media such as soil,
biota, plants are used to support interpretation of observed levels and their trends
(Sebkova 2023). These reports are available at the homepage of the Stockholm
Convention (>Implementation>Global Monitoring Plan>Monitoring Reports).

One of the objectives of the WHO/UNEP-coordinated exposure studies was to
generate comparable and consistent monitoring data on the presence of these
contaminants in order to identify trends in levels. Adopted by the parties to the
Stockholm Convention on POPs, The Guidance Document on the Global Monitor-
ing Plan (GMP) considers such data on the presence of POPs in the environment and
in human tissues necessary for the evaluation of the effectiveness of the Convention
to eliminate or reduce emissions of specific POPs as required under Article 16 of the
Convention. To provide reliable monitoring information for the Parties to the
Stockholm Convention, as a quantitative objective for temporal studies the GMP
guidance document proposed the ability to detect a 50% decrease in the levels of
POPs within a 10-year period. This corresponds to an annual decrease of 7%.
However, there is no stipulation of a quantitative goal for the rate of reduction/
decrease in POPs levels. The Convention’s objectives are either to eliminate or to
reduce production, use and releases, depending on the annex where a chemical is
listed, but the rate of decline is nowhere specified or required (UNEP 2015, 2019).

The presentation and discussion of the 2000-2019 results in Part III include a
first general estimation of time trends for all 82 countries participating in these five
rounds over these 20 years, comparing the temporal tendencies of the average
concentrations of PCB and PCDD/PCDF in the studies over time (Malisch et al.
2023b). However, this chapter presents a more precise approach for the assessment
of temporal trends by consideration of results only from those 50 of the
82 countries with repeated participation in the studies. Because levels correlate
within countries more closely than among countries, this allows more certainty in
drawing conclusions on time trends which are not potentially influenced by individ-
ual results from countries submitted just for a single round and seems optimal for the
evaluation of the effectiveness for the purpose of Article 16 of the Convention.
However, it should be noted that typically only very few time points from most
individual countries are available which prevents from deriving statistically signifi-
cant temporal trends in these cases. Yet, the existing data can indicate decreasing or
increasing tendencies in POP concentrations. Furthermore, pooling of data in
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regions allows to derive statistically significant time trends in the UN Regional
Groups and globally. To minimize possible sources of variation for time trend
analysis of POPs, including PCB, PCDD and PCDF, the concept of the WHO/
UNEP-coordinated exposure studies has two basic elements: (1) preparation of
pooled samples from a number of individual samples considered to be representative
for a country or region/subgroup; (2) analysis by a reference laboratory (see subsec-
tion 2.1).

With regard to length of time-series, the GMP guidance document considers it
naive to expect monitoring of POPs to reveal temporal trends with any confidence
within a sampling period of five years unless the changes are very large. More likely
would be a period of at least 10—15 years to detect significant changes of moderate
size (5%/year) (UNEP 2019). This assessment comprises much longer periods: The
first WHO-coordinated exposure study with the aim to determine concentrations of
non-dioxin-like PCB (expressed as the sum of 6 indicator PCB [XPCBg]), PCDD
and PCDF took place in 1987-1988 (WHO 1989). The second study (1992—1993)
not only included the 6 non-dioxin-like indicator PCB, but also dioxin-like PCB
(WHO 1996). With inclusion of these two studies, data from a total of 57 countries
with repeated participation between 1987 and 2019 are available for assessment of
temporal trends for PCB, PCDD and PCDF. In this article, this comprehensive
database is evaluated to derive time trends for non-dioxin-like PCB and the toxic
equivalents (TEQ) of PCDD and PCDF for a period of 32 years starting with the
period 1987-1988 and for the total TEQ comprising PCDD, PCDF and dioxin-like
PCB for a period of 27 years starting with 1992—1993.

2 General Aspects
2.1 Minimization of Sources of Variation

Numerous factors might affect the measured concentration of POPs in human milk
samples. Sampling design is considered to be the most important factor. For most
POPs, the precision of chemical analysis is generally believed to constitute only a
minor part of the total variance in monitoring time-series of environmental data
where sample variation is expected to be large, much larger compared to laboratory
precision. This is especially true when the same accredited laboratory is used
throughout the whole series as in this case. However, if, from year to year, different
laboratories carry out the analysis, it could seriously decrease or disable the possi-
bility to evaluate time-series of, for example, POPs. The same is true if the same
laboratory changes its methodology (UNEP 2007, 2015, 2019).

To minimize possible sources of variation for time trend analysis of POPs,
including PCB, PCDD and PCDF covered by this article, the concept of the
WHO/UNEP-coordinated exposure studies has the following basic elements:
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1. For minimization of possible sources of variation from the sampling design:

(a) collection of a large number of individual samples from mothers based on the
standardized WHO/UNEP protocol;

(b) from equal amounts of the individual samples, preparation of pooled samples
that are considered to represent the average levels of POPs in human milk for
a country or subgroup/region of that country at the time of sampling (for
more information on the sampling design, see subsection 2.2);

2. For minimization of the variation from chemical analysis: determination of
chlorinated and brominated POPs in the pooled samples by the WHO/UNEP
Reference Laboratory for the 2000-2019 studies applying long-term analytical
quality control (see subsection 2.3).

2.2 Samples and UN Regional Groups

An overview of the scope, protocols for collection of samples and participation of
countries is given in Part I (Malisch et al. 2023a). In brief, in all rounds, the design
was based on collection of a number of individual samples and preparation of pooled
samples following a standardized protocol that was supervised by national
coordinators. Equal aliquots of individual samples were combined to give composite
samples, which are considered representative of the average levels of the analytes of
interest in human milk for a certain country or subpopulation of a country at the time
of sampling.

During the five studies conducted from 2000 to 2019, a total of 232 pooled
samples were submitted for analysis by 82 countries. 50 countries participated in
more than one of these studies. The detailed data for all 232 pooled samples is
contained at the POPs Global Monitoring Plan (GMP) Data Warehouse and can be
publicly viewed and retrieved (GMP DWH 2020).

Furthermore, results of countries that participated in the first (1987—1988) and
second rounds of WHO-coordinated exposure studies on concentrations of PCB and
PCDD/PCDF in human milk (WHO 1989; WHO 1996) were included resulting in a
total of 57 countries with repeated participation for these compounds.

In accordance with the implementation of the GMP, parties report through one of
the five United Nations Regional Groups. Therefore, countries are classified
according to one of these five UN Regional Groups (geopolitical groups), namely
the African Group, the Asia-Pacific Group, the Group of Latin American and
Caribbean Countries (GRULAC), the Eastern European Group and the Western
European and Others Group (WEOG). Note that Australia, New Zealand and the
USA (being informally a member) are included as “Others” in the WEOG category
(for participating countries and regional distribution, see Malisch et al. 2023a).



422 R. Malisch et al.

23 Sum Parameters and Long-term Quality Control

The following sum parameters are used: (1) sum of six Indicator PCB (ZPCBg) for
non-dioxin-like PCB, (2) sum of toxic equivalents (TEQ) of PCDD/PCDF (WHO-
PCDD/PCDF-TEQ) and (3) total sum of toxic equivalents (“Total TEQ”) of
mixtures of PCDD/PCDF and dioxin-like PCB (WHO,s-TEQ). For calculation,
see Malisch et al. 2023b.

All concentrations are reported on a lipid basis.

As an accredited laboratory since 1998, a comprehensive quality control program
has been applied by the reference laboratory to assure the long-time reliability of
results of human milk samples received for WHO/UNEP-coordinated exposure
studies between 2000 and 2019. This included procedural blanks, the use of fortified
vegetable oil and numerous quality control samples as an in-house reference mate-
rial, duplicate analyses, and successful participation in 32 proficiency tests (PTs)
covering 81 samples of food of animal origin or human milk. Trueness was
estimated from the PT samples in the relevant range for human milk above 1 pg
WHO-TEQ/g lipid: The deviation was less than 10% from the assigned values for
WHO-PCDD/PCDF-PCB-TEQ and WHO-PCDD/PCDF-TEQ and less than about
15% for WHO-PCB-TEQ for about 90% of the results. For the sum of six indicator
PCBs (relevant occurrence range, 1-1000 ng/g lipid), approximately 90% of the
results differed by less than 15% from the assigned values. A long-term precision of
<15% (coefficient of variation of within-laboratory reproducibility) was achieved,
based on quality control samples analysed during 2000 and 2019. The analytical
methodology used, fulfilled the requirements of the general criteria for the operation
of testing laboratories as laid down in EN ISO/IEC 17025:2018, the analytical
criteria for PCDD/PCDF and PCB in feed and food specified in EU legislation and
the criterion for monitoring information for Parties to the Stockholm Convention
(Malisch and Schichtele 2023).

2.4 Methods of Statistical Data Treatment

Each pooled sample (considered to be representative for a certain country or
subpopulation of a country at the time of sampling) was identified by country,
UNEP region, year, and analyte and its concentration reported on lipid basis. In
the first three studies, countries were encouraged to submit at least two pooled
samples, whereas in the following rounds, in most cases, only one pooled sample
was submitted by a country considered to represent the country in that period. If a
country had sent two or more samples in a certain round, the median of these samples
in this period has been used for the country in some summarizing figures and tables
introducing into a section for a certain analyte. These are identified as “country
results” although data result from aggregation of multiple sample results. However,
for the time trend analysis, data were not aggregated, and values of all individual
samples were used for time trend analysis.
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Based on visually assessed statistical distributions of compound-specific data, the
decadic log-transformation was applied before the trend analysis to accomplish two
goals:

* to bring the data distributions closer to the normal distribution, which yields less
biased trend estimates even in case of non-parametric estimators,

* to enable estimation of exponential trends using common methods for the linear
trends (a linear trend becomes exponential after the reverse log-transformation).

Rather than (unrealistic) linear trends, exponential trends as commonly observed
in cases after stop of production and application of a chemical were expected
considering the first order kinetics of the decrease of the compounds concentration
in the population (Sharma et al. 2021). This approach is in line with various
elimination studies deriving half-lives for PCB and PCDD/PCDF (EU Scientific
Committee on Food 2000; Canady et al. 2002; EFSA 2018).

The GMP guidance document recommends to apply simple linear regression or
the Theil-Sen estimator for power analysis of statistical trends (UNEP 2019).
Therefore, the non-parametric linear Theil-Sen trend estimator (Sen 1968; Theil
1992) was used on log-transformed data for derivation of the trendsc = A - 10™° ",
where ¢ denotes the compound concentration, ¢ denotes time, A denotes a concen-
tration coefficient and s denotes the speed of the decrease. R package ‘Median-based
Linear Models (mblm)’ (Komsta 2013) was used for this regression.

Based on the trend characteristics, decreases (decrease rate constants) per
1 year, 4 years (average lengths of the WHO/UNEP-coordinated studies), 5 years
and 10 years were computed: (1) in case of the exponential trends in a form of a
percentage decrease per year, (2) in case of the trends with baselines in a form of
percentage decrease of the concentration above the baseline. (A 10-year period is
used by the GMP guidance document for stipulation of the quantitative objective for
the ability of temporal studies to detect a 50% decrease in the levels of POPs [UNEP
2015; UNEP 2019]). Statistical significance of differences between the trends with
and without the baseline was estimated to show whether it is advantageous to
consider the baselines or not. Since we did not find any significant difference
between the trend computed with and without the baseline and all the baselines
found in the data were lower than 24 pg/g lipid (as maximum for XPCBg) with most
of them under 1 pg/g lipid (mainly TEQ-based results), we considered the back-
ground concentrations negligible or zero and all other analyses were done without
these baselines.

Trends can be derived if the trend test (significance of the Theil-Sen estimator) is
positive on 95% confidence level of significance (i.e. p-values <0.05). As the
p-value calculated by the Theil-Sen estimator is never below 0.05 for less than
5 data points and for most countries only less than 5 data points were available,
statistically significant trends could be derived only for regions (combining data
from countries) and few countries, showing on 95% confidence level whether the
trend is not caused by random variance in the data. Then, the R? value was used as an
indicative measure of a goodness of fit. In addition, for some countries, based on



424 R. Malisch et al.

statistically significant decreases (decrease rate constants) and participation also in
the decade after 2010, a prognosis of the estimated concentrations in 2025 was
derived. However, for many countries, only two or three data points are available. In
these cases, the observed changes of the concentrations are statistically not signifi-
cant and indicate fendencies.

Considering the data were in general not normally distributed and the
non-parametric method was used for the trend estimation, several trends with high
p-value and low R? value were discussed case by case for conclusions.

Simpson’s paradox is a statistical phenomenon in which a trend appears in certain
groups of data but disappears or reverses when the groups are combined (Simpson
1951). In the assessment of temporal trends, this paradox can cause improper results
induced by use of samples from different countries in different times. To prevent
this, two additional analyses were made. First, the annual decrease was computed not
only over the whole period but also separately for three decades (before 2000,
20012010 and after 2011) whenever data were available. Slopes of trends in
these three decades were then compared using z-scores (Fisher test of differences
between trends) (Fisher 1915). Second, a method of deriving the regional trend as a
median of trends in countries within the region was used (“median method”): For
each country, one trend was estimated using the Theil-Sen estimator. Median slope
and median intercept over all these trends within a UN region were then considered
as the resulting regional trend. The z-score test was used to compare this “median
trend” with the regional trend derived before using the Theil-Sen trend estimator.

25 Background Concentrations Versus High Concentrations
after Exposure

For the purpose of these chapters, a (low) background concentration is defined as
that portion of the measured human milk levels that is found in the absence of
specific sources (e.g. use or emission) and, therefore, is not attributable to a known
exposure source within the study area. In contrast, after use or emission of chemicals
initially high concentrations of these substances may be found in human milk.
However, after a sufficiently long phase-out period the levels of many POPs may
decrease considerably and approach background levels. According to the Global
Monitoring Plan background levels of POPs are found at locations not influenced by
local sources.

Reduction rates should be seen in context with the concentration range (levels
above or in the range of background contamination): If high levels are found, sources
might be detected, which could be reduced or eliminated and would then result in
decreasing trends. However, at low background levels, other factors, e.g., contami-
nation of feed and food by air via long-range transport or from subsequent
bioaccumulation, cannot be influenced locally, with the possible consequence of
levelling out of the found concentration or some fluctuation of the calculated
decreases (decrease rate constants).
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An additional assessment was done considering a case with background concen-
tration (i.e. not purely an exponential trend). Non-linear regression using the
PORT method (Fox 1984) implemented in R package stats was used to fit trends
of a formula c = A - 107° "' + ¢y where ¢, denotes the background concentration
corresponding to the time invariant persistent exposition to the compounds.

PCB are industrial chemicals that were manufactured for decades before their
production and use was banned by many countries around 1985. Therefore, back-
ground levels of PCB in human milk are the result of implementation of a reduction
and control policy for this chemical.

PCDD/PCDF are unintentional by-products formed in (1) a number of chemical
processes and, therefore, found as contaminants in certain chemicals; (2) many
combustion processes and (3) certain geological processes and are, therefore, present
in certain clays. The UNEP toolkit for identification and quantification of releases of
dioxins, furans and other unintentional POPs lists a wide range of possible sources
(UNEP 2013). Although PCDD/PCDF are regarded as unintentionally produced
POPs, their release is mainly caused by intentional human activities (Wang et al.
2016). Therefore, background concentration of PCDD/PCDF is understood here as
what is found after implementation of a reduction policy for sources from anthropo-
genic activities and a sufficiently long phase-out period.

However, the term “background” does not imply per se any level of safety. With
respect to potential adverse effects, risk assessments need to consider many factors,
including the toxicity of the chemical of interest and the measured concentration
range. For human milk, potential adverse effects have to be balanced against its
many known positive health aspects for (breast-fed) infants. The risk—benefit evalu-
ation of breastfeeding for dioxin-like compounds is part of the assessment chapters
in Part IV.

3 Non-Dioxin-Like Polychlorinated Biphenyls (Indicator PCB,
3 PCBg)

Time trends for six non-dioxin-like PCB (Indicator PCB, £PCBg) can be derived
beginning with the 1987—-1988 period. In total, 140 country results (including data
from aggregation of multiple pooled samples that were averaged to represent a
country in a certain period) for 57 countries with repeated participation in the period
1987-2019 and 119 aggregated data for 50 countries for the period 20002019 were
used as basis for the first general estimation of time trends. In 7 periods between
1987 and 2019, the median of the ZPCB¢ concentrations decreased considerably
from 211 ng/g to 14 ng/g (= 93% decrease). The Stockholm Convention was
adopted in 2001 and entered into force in 2004 (UNEP 2001). Therefore, if only
the period 2000-2019 is taken into consideration, the median concentrations of
2~PCBs went down by 89% from initially 123 ng/g in the period 2000-2003
(comprising the year 2001) and by 71% from initially 66 ng/g in the period
20042007 (comprising the year 2004) (Table 1).
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Table 1 Ranges of indicator PCB concentrations in human milk (ng XPCBg/g lipid; aggregated
data using the median if two or more pooled samples were submitted by a country in a certain
period) in 7 periods between 1987 and 2019 for countries with two or more participations; change of
the median concentrations calculated as % of round 1 (1987-1988) and round 3 (2000-2003),
respectively, as points of reference

Change of median

ZPCBg¢ (ng/g lipid) concentrations over time
% relative % relative
Round | Period No of countries |Min |Median |Max |[toround 1 |to round 3
1 1987-1988 |7 62 211 762 100%
2 1992-1993 | 14 56 275 801 130%
3 20002003 |24 16 123 502 | 58% 100%
4 2004-2007 |11 10 66 376 31% 54%
5 2008-2011 |36 4 23 79 11% 18%
6 2012-2015 |15 2 36 158 17% 29%
7 20162019 |33 1 14 109  |7% 11%

These summarizing descriptive parameters seem to indicate fluctuations between
decreasing and increasing periods, e.g. an increase of the median concentrations
from the first to the second and from the fifth to the sixth round. However, these
changes are likely due to the result of participation of different countries in different
rounds. Therefore, for more precise time trends a country-specific evaluation is
necessary.

3.1 European and Non-European Countries

For PCB, as a first step, the differentiation between European and non-European
countries is necessary. As the total results for 232 pooled human milk samples of
82 countries (regardless of the number of participations in the WHO/UNEP-
coordinated exposure studies) for the period 2000-2019 showed, European
countries used to have higher PCB concentrations than non-European countries
with the greatest difference in the initial rounds (Malisch et al. 2023b): The highest
concentrations of the sum of six Indicator PCB were found in the Eastern European
Group (median about 120 ng ZPCBg/g lipid, maximum about 1000 ng ZPCBg/g
lipid), followed by the group of Western European and Other States (median about
75 ng ZPCBg/g lipid, maximum 467 ng XPCB¢/g lipid). In all other groups,
considerably lower XPCBg levels were found (median approximately between
8 and 22 ng/g, maximum slightly lower than 100 ng/g lipid). The minimum in 24
European countries (14.6 ng XPCBg/g lipid) equated approximately the median
(16.4 ng XPCBg/g lipid) in 58 non-European countries (with a minimum of 0.9 ng
YPCBg/g lipid). Thus, within the wide range of concentrations varying approxi-
mately between 1 ng/g lipid and 1000 ng/g lipid, the lower end between 1 ng/g lipid
and 10 ng/g lipid might be seen as background contamination in non-European
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Fig. 1 Overview of Indicator PCB concentrations in human milk in seven periods between 1987
and 2019 with indication of temporal tendencies as median in the respective studies for 25 countries
from the Eastern European Group and the Western European and Others Group with two or more
participations (ng XPCB/g lipid; aggregated data; red line for the median)

countries, whereas the upper part of the frequency distribution of XPCBg
concentrations is an indication for former use.

This wide range is also illustrated by the summarizing overviews (using
aggregated data) of the results for ZPCBg of 25 countries from the Eastern
European and Western European and Others groups (Fig. 1) in comparison with
32 countries from the African, Asia-Pacific and Latin American and the Caribbean
regional groups (Fig. 2), all of them with repeated participation between 1987 and
2019: In European countries, ZPCBg were at the end of the 1980s and early 1990s in



428 R. Malisch et al.

2PCB; in human milk
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Fig. 2 Overview of Indicator PCB concentrations in human milk in seven periods between 1987
and 2019 for 32 countries from the African, Asia-Pacific and Latin America and the Caribbean
regional groups with two or more participations (ng ZPCBg/g lipid; aggregated data). (This figure is
normalized to 900 ng/g lipid as maximum value as in Fig. 1 allowing a direct visual comparison of
the XPCBg concentrations among the different collection periods in European and non-European
countries)

a range up to 800 ng/g lipid and decreased to 2019 to concentrations mostly below
100 ng/g lipid. These levels are approximately the maximum concentrations found in
other UN Regional Groups over the whole period 1987-2019. Note that these two
figures are normalized to 900 ng/g lipid as maximum value allowing a direct visual
comparison of the ZPCB¢ concentrations among the different collection periods as
an indication of time trends.
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Fig.3 Overview of the development of Indicator PCB concentrations in human milk (ng ZPCBe/g
lipid; aggregated data) over time between 1987 and 2019 for 25 countries of the Eastern European
and Western European and Others regional groups that participated two or more times in the WHO/
UNEP-coordinated surveys

Figure 3 illustrates the time trends of XPCBg concentrations (aggregated data)
between 1987 and 2019 in the 25 individual countries of the Eastern European and
Western European and Others groups. Significant reductions were already achieved
in the 1990s. After detection of PCB in environmental samples in 1966 (Jensen
1966; Jensen 1972), PCB were detected for the first time in human tissue, including
human milk, in 1970 (Acker and Schulte 1970a; Acker and Schulte 1970b; Schulte
1971; Schulte and Acker 1974a; Schulte and Acker 1974b). As a result, during 1971/
2 the PCB producers of the Western world (at that time only 4 remained) introduced
voluntary restrictions on use. In 1973 the OECD recommended the use of PCB only
in closed systems, which were adopted into national regulations, e.g., by Germany in
1978. Therefore, in Germany, a decrease of XPCB¢ concentrations in human milk by
95% was achieved between the end of the 1980s and culminated in low background
levels in 2019. Similarly successful were Belgium, the Netherlands, the Czech
Republic (Czechia), the Slovak Republic (Slovakia), Austria and Lithuania with
reductions in the range of 85% to 95% between the end of the 1980s/early 1990s and
the period between 2012 and 2019. Also, all other countries had substantially
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reduced ZPCB¢ concentrations in human milk, but mostly in a shorter period, at least
in cases for which data are available.

Also, in most countries from the regions of Africa, the Asia-Pacific and Latin
American and Caribbean, a decrease between different periods was observed, but
these decreases began at considerably lower concentrations. These results are
discussed in more detail in the following sections.

3.2 Global Level and Comparison Between UN Regional Groups

For time trend analysis of ZPCB¢ between 1987 and 2019, results of 247 pooled
samples were available. In two Asian and many European countries PCB were
monitored over three decades, whereas the studies in African, Latin American and
Caribbean countries comprise two decades with most of these countries participating
for the first time in the 2008-2011 period. Basic results of the exponential trends
comprise the overall decrease per 1 year and 10 years (Table 2). For the country-
specific results in the following subsections, also the decrease per 5 years is shown,
which is about 20% higher than the decrease per 4 years representing the average
lengths of WHO/UNEP-coordinated exposure studies.

In nearly all UN regions and at a global level, a 50% decrease within a 10-year
period (corresponding to an annual decrease of 7%) was achieved for the levels of
2PCB¢. The Latin American and Caribbean countries had lower XPCBg
concentrations in comparable periods, obviously resulting in lower decrease rates.
This is an indication that the decrease might be faster in regions with higher
concentration, compared to a slower decrease in less polluted regions. All trends
were statistically significant (p-value <0.001).

Table 2 Overall decrease (%) of indicator PCB concentrations in human milk in the 5 UN
Regional Groups and worldwide (computed using all individual samples, see subsection 2.4)

Overall decrease (%) Overall decrease (%)

per 1 year per 10 years Trend
UN Regional N of Theil-Sen | median Theil-Sen | median p-value
Group countries | method method method method overall®
Africa 13 6.6 8.0 49.5 56.7 <0.001
Asia-Pacific 10 9.9 6.9 64.8 51.2 <0.001
Latin America 9 4.1 5.8 34.0 45.1 <0.001
and Caribbean
Eastern Europe 11 7.3 7.9 53.3 55.8 <0.001
Western Europe 14 9.4 9.2 62.8 61.9 <0.001
and Others
Global 57 11.5 7.3 70.5 53.3 <0.001
Median of UN 7.9 55.8

Regional Groups
“For Theil-Sen method
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Statistical differences between the Theil-Sen method and the median method to
derive time trends in different UNEP Regional Groups were insignificant on 95%
confidence level, which shows that the Simpson paradox caused by different sam-
pling periods is weak in these cases. On a global level calculated as the median of all
samples, the annual decrease was 11.5% (i.e. half-life of 5.7 years) computed by the
Theil-Sen method, compared with an annual decrease of 7.3% in the case of the
median method.

The exponential trends of indicator PCB derived by the Theil-Sen method in the
five UN Regional Groups and worldwide are illustrated in Fig. 4a—f.

3.3 African Group

Figures 5 (for aggregated data) and 6 (comprising all individual pooled samples and
assuming exponential trends, see subsection 2.4) illustrate the time trends of ZPCByg
concentrations in 13 countries from Africa with repeated participation between 2000
and 2019. In Egypt, a reduction of approximately 85% was observed from the
median of 9 pooled samples of various regions submitted in the 2000-2003 period
to the one pooled sample submitted in the 2016—2019 period, which is considered to
represent the country at that time. Most countries participated for the first time in the
2008-2011 period; in these countries, ZPCB¢ concentrations fell on average by
about 50% until the period 2016 to 2019 (range between decrease by 71% and
increase by 37%). Ethiopia also had the lowest levels of all countries in the
2000-2019 studies for this parameter: 2.15 ng XPCBg/g lipid in 2012 with a
downward trend even of this low background level to 0.90 ng/g lipid in 2019. In
Cote d’Ivoire, the ZPCB¢ concentrations remained unchanged over the observed
shorter period (between 2008—2011 and 2012-2015). An increase was observed in
Senegal.

The overall decreases per 1 year, 5 years and 10 years are given in Table 3. In
nearly all African countries concentrations tend to decrease. A decrease around
50%—60% was observed, even with low background levels (median for 11 countries
with downward trends for the decrease per 10 years: 60%; range 43%—88%). ZPCByg
concentrations remained quite constant in Cote d’Ivoire and increased by 42% in
Senegal within a 10-year period. A statistically significant decrease of 88% over
10 years was found in Egypt (p < 0.001). In the other countries, the limited number
of samples did not allow to determine a statistically significant decrease (p ~ 1.000)
(for statistical significance of trends requiring p-values <0.05 and changes of
concentrations indicating tendencies, see subsection 2.4). However, for all African
countries on average, the decrease over 10 years of 50% (calculated by the Theil-Sen
method and use of all individual samples) was statistically significant (p < 0.001)
(see Table 2 in subsection 3.2).
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lipid; aggregated data) over time for African countries with repeated participation between 2000
and 2019
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Table 3 Overall decrease (%) of Indicator PCB concentrations in human milk per 1 year, 5 years
and 10 years in African countries (calculated by the Theil-Sen method). Negative decreases are to
be read as increase

Overall Overall Overall Trend

decrease (%) decrease (%) decrease (%) p-value
Country per 1 year per 5 years per 10 years] overall
Congo (DR) 9.5 39.2 63.0 1.000
Cote d’Ivoire 0.1 0.6 1.2 1.000
Egypt 19.4 65.9 88.4 <0.001
Ethiopia 11.7 46.4 71.2 1.000
Ghana 8.0 342 56.7 1.000
Kenya 5.4 243 42.7 1.000
Mali 5.6 25.2 44.1 1.000
Mauritius 6.0 26.5 459 1.000
Niger 8.8 37.0 60.3 1.000
Nigeria 10.7 43.1 67.6 1.000
Senegal -3.6 —19.2 —42.1 1.000
Togo 7.2 31.3 52.8 1.000
Uganda 11.0 44.0 68.7 1.000
Median 8.0 342 56.7

34 Asia-Pacific Group

Figures 7 (for aggregated data) and 8 (comprising all individual pooled samples and
assuming exponential trends, see subsection 2.4) illustrate the time trends of ZPCByg
concentrations in 10 countries from the Asia-Pacific Group with repeated participa-
tion between 1987 and 2019. As in European countries, Vietnam and Thailand also
revealed a decrease of 85% to 95% between the end of the 1980s and 20162019,
however, at considerably lower concentrations in both periods. In Fiji, a reduction of
approximately 75% was observed from 2000-2003 to 2008-2011, which then
remained stable until 2016-2019. In Hong Kong SAR of China, XPCBg
concentrations fell approximately 50% from 2000-2003 to 2008-2011. Most
countries of the Pacific subregion participated for the first time in the period
2008-2011; Kiribati in 2004—2007. In nearly all Pacific Island countries, a decrease
was observed in the following years even with the low initial background levels.
The overall decreases per 1 year, 5 years and 10 years are given in Table 4. A
decrease in the levels of XPCB¢ within a 10-year period around 50% was achieved
by most countries even with the low range of background contamination (median for
9 countries with downward trends for decreasing rates per 10 years: 55%; range
35%—64%). Statistically significant was the decrease of 64% over 10 years in Hong
Kong SAR of China (p < 0.001) and of 55% in Fiji (p = 0.008). In the other
countries, the limited number of samples did not allow determination of a statisti-
cally significant decrease (p = 0.250 and 1.000, respectively) (for statistical signifi-
cance of trends requiring p-values <0.05 and changes of concentrations indicating
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Table 4 Overall decrease (%) of indicator PCB concentrations in human milk per 1 year, 5 years
and 10 years in countries of the Asia-Pacific Group and for one country estimated concentrations
(ng ZPCBg/g lipid) in 2025 (calculated by the Theil-Sen method). Negative decreases are to be read
as increase

Estimated

Overall Overall Overall concentration Trend

decrease (%) decrease (%) decrease (%) in 2025 p-value
Country per 1 year per 5 years per 10 years] [ng/g lipid] overall
Fiji 7.6 32.6 54.6 2.4 0.008
Hong Kong 9.6 39.7 63.7 <0.001
Kiribati 4.2 19.4 35.0 0.250
Marshall Isl. | —4.7 —25.7 —58.0 1.000
Niue 9.5 39.2 63.0 1.000
Palau 8.5 35.7 58.7 1.000
Samoa 6.1 27.1 46.8 1.000
Solomon Isl. 5.6 25.1 439 1.000
Thailand 9.1 37.8 61.4 1.000
Vietnam 6.2 27.6 47.5 0.250

Median 6.9 30.1 51.2

tendencies, see subsection 2.4); however, for the Asia-Pacific Group on average, the
decrease over 10 years of 65% (calculated by the Theil-Sen method and use of all
individual pooled samples) was statistically significant (p < 0.001) (see Table 2 in
subsection 3.2). For Fiji with a statistically significant decrease and participation also
in the 2016-2019 period, also a prognosis of the estimated concentrations in 2025
was derived.

3.5 Group of Latin American and Caribbean Countries (GRULAC)

Figures 9 (for aggregated data) and 10 (comprising all individual pooled samples and
assuming exponential trends, see subsection 2.4) illustrate the time trends of ZPCByg
concentrations in 9 Latin American and Caribbean countries with repeated partici-
pation between 2000 and 2019. In Brazil a reduction of 62% was found from the
median of 10 pooled samples of the 2000-2003 period to the median of 3 pooled
samples of the 2012-2015 period. Most other countries participated for the first time
in the period 2008—2011 with Haiti in 2004—-2007. In nearly all countries, a decrease
was observed in the following years. In Mexico, the background levels remained
unchanged.

The overall decreases per 1 year, 5 years and 10 years are given in Table 5. A
decrease in the levels of XPCB¢ around 50% within a 10-year period was achieved
by most countries (median for 8 countries with decreasing rates per 10 years: 51%;
range 30%—81%). XPCB¢ concentrations remained stable at the background levels
found in Mexico. Statistically significant was the decrease of 56% over 10 years in
Brazil (p = 0.022). In the other countries, the limited number of samples did not
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Table 5 Overall decrease (%) of indicator PCB concentrations in human milk per 1 year, 5 years
and 10 years in countries of the Group Latin America and the Caribbean (calculated by the Theil-
Sen method). Negative decreases are to be read as increase

Overall Overall Overall Trend

decrease (%) decrease (%) decrease (%) p-value
Country per 1 year per 5 years per 10 years] overall
Antigua-Barb 9.1 38.1 61.7 1.000
Barbados 35 16.3 30.0 1.000
Brazil 7.9 33.8 56.2 0.022
Chile 3.7 17.3 31.6 1.000
Haiti 15.1 56.0 80.6 0.250
Jamaica 5.2 234 41.4 1.000
Mexico —0.4 —2.1 —4.2 1.000
Peru 5.8 259 45.1 1.000
Uruguay 8.8 37.0 60.3 1.000
Median 5.8 25.9 45.1

allow to determine a statistically significant decrease (for statistical significance of
trends requiring p-values <0.05 and changes of concentrations indicating
tendencies, see subsection 2.4). However, for all participating Latin American and
Caribbean countries on average, the decrease over 10 years of 34% (calculated by
the Theil-Sen method and use of all individual samples) was statistically significant
(p < 0.001) (see Table 2 in subsection 3.2).

3.6 Eastern European Group

Figure 11 (for aggregated data) and Fig. 12 (comprising all individual pooled
samples and assuming exponential trends, see subsection 2.4) illustrate the time
trends of ZPCBg¢ concentrations in 11 countries of the Eastern European Group with
repeated participation between 1987 and 2019. A continuous decrease is observed in
all countries over all periods from the high concentrations found in the 1992-1993
period and decreasing considerably during the following rounds and later levelling
out. The highest concentrations were found in 1992—-1993 in Czechia (median of
three pooled samples: 800 ng XPCBg¢/g lipid) and in Slovakia (median of three
pooled samples: 753 ng XPCBg/g lipid). These decreased until 2019 in Czechia by
86% and in Slovakia by 90%. In 6 countries participating in the 1992—-1993 study,
the XPCB¢ concentrations decreased by approximately 40% until the 2000-2003
period (range 16%—41%, based on the median of submitted pooled samples).

The overall decreases per 1 year, 5 years and 10 years are given in Table 6. A
decrease in the levels of XPCBg within a 10-year period of approximately 50% to
60% was achieved by most countries. XPCB¢ concentrations slightly decreased in
Georgia between the periods 2008-2011 and 2012-2015. Whereas in Russia the
median of two pooled samples collected in the 1987—1988 period decreased to the
median of 7 pooled samples submitted in the 2000-2003 period, the Theil-Sen
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g lipid; aggregated data) over time for countries of the Eastern European Group with repeated
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Table 6 Overall decrease (%) of indicator PCB concentrations in human milk per 1 year, 5 years
and 10 years in countries of the Eastern European Group and for four countries, estimated
concentrations (ng XPCBg/g lipid) in 2025 (calculated by the Theil-Sen method). Negative
decreases are to be read as increase

Estimated

Overall Overall Overall concentration Trend

decrease (%) decrease (%) decrease (%) in 2025 p-value
Country per 1 year per 5 years per 10 years] [ng/g lipid] overall
Bulgaria 7.9 33.6 55.8 0.250
Croatia 6.8 29.5 50.3 23 0.008
Czechia 8.1 34.5 57.1 65 < 0.001
Georgia 33 15.6 28.7 1.000
Hungary 7.9 33.6 55.9 0.003
Lithuania 9.5 39.2 63.0 13 0.016
Moldova 9.8 40.2 64.3 1.000
Romania 4.4 20.1 36.2 0.250
Russia -2.1 —10.7 —-22.6 0.842
Slovakia 8.7 36.4 59.6 45 < 0.001
Ukraine 7.2 31.4 52.9 0.031

Median 7.9 33.6 55.8

method using all individual pooled samples identified a statistically insignificant
increase as a result of the frequency distribution of the 7 samples of the 2000-2003
period in comparison with the 1987-1988 period. Statistically significant (p < 0.05)
were the decreasing rates between 50% and 63% over 10 years in 6 other countries.
For all countries of the Eastern European Group on average, the decrease over
10 years of 53% (calculated by the Theil-Sen method and use of all individual
samples) was statistically significant (p < 0.001) (see Table 2 in subsection 3.2).
Based on a statistically significant decrease and participation also in the decade after
2010, a prognosis of the estimated concentrations in 2025 was also derived for
4 countries.

3.7 Western European and Others Group (WEOG)

Figures 13 (for aggregated data) and 14 (comprising all individual pooled samples
and assuming exponential trends, see subsection 2.4) illustrate the time trends of
YPCBg concentrations in 14 countries of the Western European and Others Group
with repeated participation between 1987 and 2019. A continuous decrease is
observed in all countries over all periods, with high concentrations found in the
1987—-1988 period decreasing over the following rounds and later levelling out. In
Germany, which covers the whole period between 1987 and 2019, a decrease of
YPCBg concentrations in human milk by 95% was achieved. Belgium and the
Netherlands were similarly successful with reductions in the range of 90% to 94%
between the end of the 1980s and the 2012-2015 period.
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Fig. 13 Overview of the development of Indicator PCB concentrations in human milk (ng XPCB/
g lipid; aggregated data) over time for countries of the Western European and Others Group with
repeated participation between 1987 and 2019
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Table 7 Overall decrease (%) of Indicator PCB concentrations in human milk per 1 year, 5 years
and 10 years in countries of the Western European and Others Group and for five countries
estimated concentrations (ng ZPCBg¢/g lipid) in 2025 (calculated by the Theil-Sen method)

Estimated

Overall Overall Overall concentration Trend

decrease (%) | decrease (%) | decrease (%) in 2025 p-value
Country per 1 year per 5 years per 10 years] [ng/g lipid] overall
Australia 6.8 29.8 50.8 5.7 0.008
Austria 9.5 394 63.3 0.250
Belgium 10.3 419 66.3 12 <0.001
Finland 7.8 33.5 55.8 <0.001
Germany 8.9 37.2 60.5 23 <0.001
Ireland 6.2 27.5 474 13 0.034
Luxembourg | 14.5 54.3 79.1 0.500
Netherlands 6.8 29.7 50.6 33 <0.001
New Zealand 9.7 40.1 64.1 0.250
Norway 10.4 42.1 66.5 0.001
Spain 10.8 434 68.0 <0.001
Sweden 7.4 31.8 53.5 0.250
Switzerland 7.3 31.6 53.2 1.000
USA 9.6 39.6 63.5 0.125

Median 9.2 38.3 61.9

The median of the decreases for all countries per 10 years was 62% (range 47 %—
79%). The range between 47% and 68% was statistically significant (p < 0.05) in
8 countries (Table 7). For all WEOG countries on average, the decrease over
10 years of 63% (calculated by the Theil-Sen method and use of all individual
samples) was statistically significant (p < 0.001) (see Table 2 in subsection 3.2).
Based on a statistically significant decrease with participation also after 2010, a
prognosis of the estimated concentrations in 2025 was derived for 5 countries.

4 Toxic Equivalents of PCDD and PCDF
(WHO-PCDD/PCDF-TEQ)

Throughout this publication, all TEQ-related evaluations are based on the
WHO-TEFs as proposed in 2005 (Van den Berg et al. 2006). The term “WHO-
PCDD/PCDF-TEQ” is used for TEQ of PCDD/PCDF. Results are given as upper
bound concentrations and expressed on a lipid basis (Malisch et al. 2023b).

Time trends for WHO-PCDD/PCDF-TEQ can be derived beginning with the
1987—-1988 period. For a first general estimation of time trends, 146 aggregated
values from data for 57 countries with repeated participation in the period
1987-2019 and 119 aggregated data for 50 countries for the period 2000-2019
were used as the basis. In 7 periods between 1987 and 2019, the median of the
concentrations decreased considerably from 16.9 pg/g WHO-PCDD/PCDF-TEQ to
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Table 8 Ranges of WHO-PCDD/PCDF-TEQ concentrations in human milk (pg/g lipid) in
7 periods between 1987 and 2019 for countries with two or more participations and decrease of
the median concentrations calculated as % of round 1 (1987-1988) and round 3 (2000-2003),
respectively, as point of reference (aggregated data using the median if two or more pooled samples
were submitted by a country in a certain period)

WHO-PCDD/F-TEQ Decrease of
(2005/UB) (pg/g lipid) median over time

No of
countries/ % relative | % relative
Round | Period participations | Min | Median | Max toround 1 | to round 3
1 1987-1988 | 13 538 |169 422 100 -
2 1992-1993 | 14 826 |11.9 26.0 70 -
3 20002003 |24 3.08 7.34 18.0 43 100
4 2004-2007 |11 2.94 4.83 893 |29 66
5 2008-2011 |36 1.31 3.86 12.1 23 53
6 2012-2015 |15 1.01 3.82 8.61 |23 52
7 20162019 |33 1.02 2.68 997 |16 37
1987-2019 | 146 1.01 4.60 422
20002019 | 119 1.01 3.95 18.0

2.68 pg/g (= 84% decrease). The Stockholm Convention was adopted in 2001 and
entered into force in 2004. Therefore, if only the period 2000-2019 is taken into
consideration, the median concentrations went down by 63% from initially 7.34 pg
WHO-PCDD/PCDF-TEQ/g in the period 2000-2003. Other than observed for
non-dioxin-like-PCB, the WHO-PCDD/PCDF-TEQ concentrations decreased con-
tinuously without fluctuations between periods (Table 8).

Figure 15 illustrates the overall picture for temporal trends of concentrations of
WHO-PCDD/PCDF-TEQ for 57 countries (using the above-mentioned aggregated
data) participating repeatedly in the seven periods between 1987 and 2019.

For 17 countries of the Eastern European and Western European and Others
groups and two countries from Asia with repeated participation in the 7 periods
between 1987 and 2019, data for WHO-PCDD/PCDF-TEQ are available starting
with the first (1987-1988) and second (1992—-1993) round of WHO-coordinated
exposure studies. Figure 16 illustrates the country-specific results (using aggregated
data). A great falling trend of PCDD/PCDF levels in human milk was found with
largest declines in countries with the highest initial levels: In the period 19871988,
the Netherlands, Belgium and Germany had the highest WHO-PCDD/PCDF-TEQ
concentrations (ranging 32-42 pg/g as median of two pooled samples from the
Netherlands, of three pooled samples from Belgium and of ten pooled samples
from Germany). These countries were highly industrialized and made serious efforts
in the 1990s to detect and eliminate PCDD/PCDF sources. For example, at the 1990
symposium on dioxins in Germany, new health-based guidance values on proposed
acceptable daily intake were derived. To meet these values over time, dioxin sources
needed to be detected and eliminated. A major contributor, municipal waste inciner-
ation, was identified and a maximum limit of 0.1 ng TEQ/m3 air was fixed. In
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WHO-PCDD/PCDF-TEQ (2005) in human milk: all regions
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Fig. 15 Overview of WHO-PCDD/PCDF-TEQ concentrations in human milk in seven periods
between 1987 and 2019 with indication of temporal tendencies as median in the respective studies
for 57 countries with two or more participations (pg WHO-PCDD/PCDF-TEQ/g lipid; red line for
the median in a certain round; aggregated data using the median if two or more samples were
submitted by a country in a certain period)

addition, regulations on hazardous materials were expanded (Umweltbundesamt und
Bundesgesundheitsamt 1990). These efforts were very successful so that annual
emissions of PCDD/PCDF in Germany dropped 95% from about 750 g I-TEQ in
1990 to about 70 g I-TEQ in 2004 and stabilized around this level until the end of the
observation period in 2011 (Umweltbundesamt 2014). PCDD/PCDF were also
released from production of organochlorine chemicals (e.g. PCB, PCP, 2,4,5-T,
2,4-D, chlornitrofen, chloranil) between the 1950s and 1980s, before PCDD/PCDF
concentrations in these products as a result of the Seveso accident and regulatory
measures were limited (Umweltbundesamt und Bundesgesundheitsamt 1990; Weber
et al. 2008).

Over time, similar measures were introduced in other countries and at the EU
level. As aresult, a substantial decline of about 90% was observed for WHO-PCDD/
PCDF-TEQ concentrations in human milk to 4.48 pg/g found in the Netherlands in
2014, 4.03 pg/g found in Belgium in 2015 and 2.90 pg/g found in Germany in 2019.
Belgium is the country with the highest number of participations (n = 6); its results
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WHO-PCDD/PCDF-TEQ (2005) in human milk:

Time trends in countries with repeated participation between 1987 and 2019
and first participation between 1987 and 1993
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Fig. 16 Overview of the development of WHO-PCDD/PCDF-TEQ concentrations in human milk
(pg/g lipid; aggregated data) over time for countries with repeated participation in WHO/UNEP-
coordinated exposure studies between 1987 and 2019 and first participation in the first or second
round

show that the most substantial decrease occurred between 1987-1988 (36.7 pg
WHO-PCDD/PCDF-TEQ/g) and 2004-2007 (8.49 pg WHO-PCDD/PCDF-TEQ/
g) with lower decreases afterwards (to 4.03 pg WHO-PCDD/PCDF-TEQ/g in 2015).

In comparison with the PCDD/PCDF sources relevant in these highly
industrialized countries, a different situation was observed in Vietnam. The database
for the 1987—-1988 period comprises 10 pooled samples from various regions (WHO
1989) showing a wide range of WHO-PCDD/PCDF-TEQ concentrations (median
18.6 pg WHO-PCDD/PCDF-TEQ,(0s/g, range 6.08 pg/g to 33.9 pg/g). Whereas the
lowest equivalent levels outside the European region were reported for the Hanoi
area of Vietnam, the highest values were found in certain areas of southern Vietnam.
These findings are discussed with regard to the use of the herbicide and defoliant
chemical “Agent Orange” during the war in Vietnam in the following subsection
“4.3 Asia-Pacific Group”. The pooled sample submitted by Vietnam in 2019 and
considered to represent the country at that time had 86% lower WHO-PCDD/PCDF-
TEQ concentrations than the median of the 1987-1988 concentrations.
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4.1 Global Level and Comparison Between UN Regional Groups

For time trend analysis of WHO-PCDD/PCDEF-TEQ, results of 274 pooled samples
were available. Monitoring of PCDD/PCDF concentrations in two Asian and many
European countries PCDD/PCDF covers three decades. The studies in Africa and
Latin America and the Caribbean comprised the period 2000-2019 for some
countries, whereas most countries participated for the first time in the 20082011
period.

In Western European countries with relatively high WHO-PCDD/PCDF-TEQ
concentrations in human milk in the first (1987-1988) and second (1992-1993)
rounds, a decrease of 51% over 10 years was achieved. Most Eastern European
countries participated for the first time in the 1992—-1993 period with on average
lower WHO-PCDD/PCDF-TEQ concentrations in human milk in this period
(median 11.5 pg WHO-PCDD/PCDF-TEQ/g lipid; range 8.3-14.1 pg
WHO-PCDD/PCDF-TEQ/g lipid; N = 7) than in Western European countries
(median 17.1 pg WHO-PCDD/PCDF-TEQ/g lipid; range 10.1-26.0 pg
WHO-PCDD/PCDF-TEQ/g lipid; N = 8); for the Eastern European group, the
decrease within a 10-year-period was 35% (Table 9).

As shown in the following subsections, in comparison with the Western European
and Others Group and the Eastern European Group, a higher variation of decrease

Table 9 Overall decrease (%) of WHO-PCDD/PCDF-TEQ concentrations in human milk in the
5 UN Regional Groups and worldwide (computed using all individual samples, see subsection 2.4)

Overall decrease Overall decrease

(%) per 1 year (%) per 10 years

Theil- Theil- Trend

N of Sen median Sen median | p-value

UN Regional Group countries | method method | method method | overall®
Africa 13 10.1 1.1 65.5 10.2 <0.001
Africa without Egypt 12 32 0.9 27.4 8.4 <0.001
Asia-Pacific 10 6.0 2.3 459 20.5 <0.001
Asia-Pacific without 8 32 2.3 27.9 20.5 <0.001
Hong Kong and
Vietnam
Latin America and 9 1.6 4.0 14.7 33.7 <0.001
Caribbean
Latin America and 8 3.8 4.2 31.9 34.8 <0.001
Caribbean without
Brazil
Eastern Europe 11 4.3 4.6 35.3 37.5 <0.001
Western Europe and 14 6.9 6.3 50.9 479 <0.001
Others
Global 57 6.3 6.0 47.9 45.9 <0.001
Median of UN Regional |57 4.0 33.7
Groups

“For Theil-Sen method
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rates between countries was observed in other UN Regional Groups. Lower decrease
rates were observed in some countries, but this has to be seen in context with the
quite low levels in these countries. Therefore, these regional trends have also to be
seen in context with the variation among participating countries. The country-
specific aspects are discussed in the following subsections.

Large differences between the decreases calculated by the Theil-Sen method or
the median method indicate a considerable variation between countries in a region,
e.g. in Africa as a result of the high decrease in Egypt after initially comparably high
WHO-PCDD/PCDF-TEQ concentrations in the 2000-2003 period. Furthermore,
other African countries participated for the first time in the 2008-2011 period.
Therefore, in addition to the overall decrease (decrease rate constant) in Africa,
also the decrease for African countries without Egypt is given indicating a closer
agreement between the Theil-Sen method and the median method. Similarly, for the
Asia-Pacific region, the decrease without Hong Kong (excluding a possible influ-
ence of the numerous pooled samples sent in two periods) and without Vietnam
(excluding a possible influence of the numerous pooled samples in the first period)
and in the Group of Latin American and Caribbean Countries the decrease without
Brazil (excluding a possible influence of numerous pooled samples sent by Brazil in
two sampling periods) were calculated.

The global decrease over 10 years was estimated to be 48% computed by the
Theil-Sen method, compared with 46% in the case of the median method. All trends
were statistically significant (p-value <0.001).

The exponential trends of WHO-PCDD/PCDF-TEQ concentrations derived by
the Theil-Sen method in the five UN Regional Groups and worldwide are illustrated
in Fig. 17a-.

4.2 African Group

Figures 18 (for aggregated data) and 19 (comprising all individual pooled samples
and assuming exponential trends, see subsection 2.4) illustrate the time trends of
WHO-PCDD/PCDF-TEQ concentrations in 13 countries from Africa with repeated
participation between 2000 and 2019. In Egypt, a reduction of approximately 70%
was observed from the median of 9 pooled samples of various regions submitted in
the 20002003 period to the one pooled sample submitted in the 2016-2019 period,
which is considered to represent the country at that time. Most countries participated
for the first time in the 2008—2011 period; in these countries, WHO-PCDD/PCDF-
TEQ concentrations fell on average by about 10% until the period 2016 to 2019. In
seven of these countries with comparably low WHO-PCDD/PCDF-TEQ
concentrations (below 3 pg/g lipid), the concentrations remained quite constant
over this period. In Ethiopia, the lowest WHO-PCDD/PCDF-TEQ concentrations
of all countries in the 2000-2019 studies were found, which remained constant over
7 years (1.01 pg/g in 2012 and 1.02 pg/g in 2019).

The calculated decrease for WHO-PCDD/PCDF-TEQ (Table 10; for statistical
significance of trends requiring p-values <0.05 and changes of concentrations



Time Trends in Human Milk Derived from WHO- and UNEP-Coordinated. . . 449

a WHO-PCDD/PCDF-TEQ (2005) (Africa)

40 s

Africa without Egypt

-
2
=4
o
2 20
o
= | TE

10 e o Jl: }

0 - . _£

2005 2010 2015
Time [year]
Annual decrease = 10% | p-value < 0.001

b WHO-PCDD/PCDF-TEQ (2005) (Asia-Pacific Group)
35
Asia-Pacific Group
30 Asia-Pacific Group without Hong Kong and Vietnam
25
=
o
© 20
g
a 15
w
=
10
5 T
- I z I
0

1990 1995 2000 2005 2010 2015 2020

Time [year]
Annual decrease = 6% | p-value < 0.001

€ WHO-PCDD/PCDF-TEQ (2005) (Latin American and Caribbean Countries)

8 —— Latin American and Caribbean Countries
Latin American and Caribbean Countries without Brazil

7
T 8 &
(=3
o
w b
g
F A :

Teosn e 5

i e e e s e =

2

1 -_

2005 2010 2015
Time [year]

Annual decrease = 2% | p-value < 0.001

Fig. 17 (a-f) Theil-Sen exponential trends of WHO-PCDD/PCDF-TEQ concentrations in human
milk (pg WHO-PCDD/PCDF-TEQ,s/g lipid) in the 5 UN regions and worldwide. The shaded
area shows the 95% confidence interval of the trend; the thick black lines in the middle of the
frequency distribution in a certain year show median concentrations in individual years, whiskers
show ranges between fifth and 95th percentiles
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Fig. 18 Overview of the development of WHO-PCDD/PCDF-TEQ concentrations in human milk
(pg/g lipid; aggregated data) over time between 2000 and 2019 for African countries with repeated
participation
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Fig. 19 Temporal tendencies of WHO-PCDD/PCDF-TEQ concentrations in human milk (pg/g
lipid) for African countries with repeated participation between 2000 and 2019 using the Theil-Sen

method
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Table 10 Overall decrease (%) of WHO-PCDD/PCDF-TEQ in human milk per 1 year, 5 years and
10 years in African countries (calculated by the Theil-Sen method). Negative decreases are to be
read as increase

Overall Overall Overall Trend

decrease (%) decrease (%) decrease (%) p-value
Country per 1 year per 5 years per 10 years] overall
Congo (DR) 24 11.6 21.8 1.000
Cote d’Ivoire 4.1 18.9 343 1.000
Egypt 134 51.2 76.2 <0.001
Ethiopia —0.1 —0.5 -0.9 1.000
Ghana 0.2 0.9 1.8 1.000
Kenya 1.1 5.2 10.2 1.000
Mali 1.8 8.6 16.5 1.000
Mauritius 5.1 232 41.0 1.000
Niger —-1.9 -9.7 —20.3 1.000
Nigeria 0.7 33 6.6 1.000
Senegal 1.3 6.4 12.5 1.000
Togo -2.9 —15.6 -33.5 1.000
Uganda 0.6 32 6.3 1.000
Median 1.1 5.2 10.2

indicating fendencies, see subsection 2.4) was higher in case of elevated
concentrations as in Egypt, where possible PCDD/PCDF sources for findings in
the 2001-2002 samples were discussed (Malisch et al. 2023b). However, downward
tendencies seem to level out at ranges below 3 pg WHO-PCDD/PCDF-TEQ/g lipid,
which reflects the background contamination.

4.3 Asia-Pacific Group

Figures 20 (for aggregated data) and 21 (comprising all individual pooled samples
and assuming exponential trends, see subsection 2.4) illustrate the time trends of
WHO-PCDD/PCDF-TEQ concentrations in 10 countries from the Asia-Pacific
Group with repeated participation between 1987 and 2019.

For two Asian countries, data are available already starting in the 1987—-1988
round. Since then, the WHO-PCDD/PCDF-TEQ concentration decreased in
Thailand by 67% until 2018. As explained above, the database for Vietnam in the
1987—-1988 period comprises 10 pooled samples from various provinces (WHO
1989) showing a wide range of WHO-PCDD/PCDF-TEQ concentrations (median
18.6 pg WHO-PCDD/PCDF-TEQ,s/g, range 6.08 pg/g to 33.9 pg/g). Whereas the
lowest equivalent levels outside the European region were reported for the Hanoi
area of Vietnam, the highest values were found in certain areas of southern Vietnam.
The contribution of 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) to the
WHO-PCDD/PCDF-TEQ levels in these human milk samples from southern
Vietnam was in most cases between about 30% and 66%. This congener was
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Fig. 20 Overview of the development of WHO-PCDD/PCDF-TEQ concentrations in human milk
(pg/g lipid; aggregated data) over time for countries of the Asia-Pacific Group with repeated

participation between 1987 and 2019
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Fig. 21 Temporal tendencies of WHO-PCDD/PCDF-TEQ concentrations in human milk (pg/g
lipid) for countries of the Asia-Pacific Group with repeated participation between 1987 and 2019

using the Theil-Sen method
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contained in traces in “Agent Orange”, a mixture of two phenoxy herbicides
(2,4-dichlorophenoxyacetic acid [2,4-D] and 2,4,5-trichlorophenoxyacetic acid
[2,4,5-T]) used by US military as a defoliant chemical during the war in Vietnam
(Baughman and Meselson 1973; Schecter et al. 1987; Institute of Medicine
(US) 1994, Stellmann et al. 2003). The WHO-PCDD/PCDF-TEQ concentration of
pooled samples submitted by Vietnam in 2019, which is considered to represent the
country at that time, was 86% lower than the median of the 1987-1988 concentra-
tion. The contribution of 2,3,7,8-TCDD to the WHO-PCDD/PCDF-TEQ was
15%—this is within the usual range of all human milk samples of the 20002019
periods.

Decreasing temporal trends were observed in nearly all other countries of the
Asia-Pacific region. In Hong Kong SAR of China, the median of 13 pooled samples
from different subgroups collected in 2002 decreased by 15% to the median of four
pooled samples collected in 2009. In this range, the WHO-PCDD/PCDF-TEQ
concentrations also decreased in the Pacific countries, which generally had quite
low concentrations in the range below 4 pg WHO-PCDD/PCDF-TEQ/g lipid in the
period 2008-2011 and below 3 pg WHO-PCDD/PCDF-TEQ/g lipid in the period
2016-2019. Fiji participated in four rounds between 2000 and 2019. Over this
period, the WHO-PCDD/PCDF-TEQ concentration decreased by 30% from
3.08 pg/g as an already comparably low level in 2002 to 2.20 pg/g in 2019. Only
in the Marshall Islands did the WHO-PCDD/PCDF-TEQ concentration increase
from 3.98 pg/g to 9.32 pg/g. For this country, the congener pattern and possible
sources for the increased levels were discussed separately (Malisch et al. 2023b).

The overall decreases per 1 year, 5 years and 10 years are given in Table 11 (for
statistical significance of trends requiring p-values <0.05 and changes of
concentrations indicating fendencies, see subsection 2.4). As concluded above for
the decrease in African countries with Egypt as example for elevated concentrations

Table 11 Overall decrease (%) of WHO-PCDD/PCDEF-TEQ in human milk per 1 year, 5 years and
10 years in countries of the Asia-Pacific Group (calculated by the Theil-Sen method). Negative
decreases are to be read as increase

Overall Overall Overall Trend

decrease (%) decrease (%) decrease (%) p-value
Country per 1 year per 5 years per 10 years] overall
Fiji 2.3 10.8 20.5 0.375
Hong Kong 1.8 8.5 16.3 0.002
Kiribati 4.7 21.3 38.0 0.250
Marshall Isl. —-11.2 —70.2 —190 1.000
Niue 15.5 56.9 81.5 1.000
Palau 1.6 7.9 15.2 1.000
Samoa 1.7 8.1 15.5 1.000
Solomon 2.6 12.2 22.8 1.000
Isl.
Thailand 35 16.2 29.8 1.000
Vietnam 59 26.3 45.7 0.002

Median 2.3 10.8 21.7
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related to known sources, a considerable decrease in the levels of POPs within a
10-year period was achieved in Vietnam in comparison with the 1987-1988
samples. Downward tendencies seem to level out at ranges below 3 pg
WHO-PCDD/PCDF-TEQ/g lipid, which reflects the background contamination.

4.4 Group of Latin American and Caribbean Countries (GRULAC)

Figures 22 (for aggregated data) and 23 (comprising all individual pooled samples
and assuming exponential trends, see subsection 2.4) illustrate the time trends of
WHO-PCDD/PCDF-TEQ concentrations in 9 Latin American and Caribbean
countries with repeated participation between 2000 and 2019. In Brazil a reduction
of 35% was found from the median of 10 pooled samples of the 2000-2003 period to
the median of 3 pooled samples of the 2012-2015 period. Most other countries
participated for the first time in the period 2008—2011 with Haiti in 2004-2007. In
nearly all countries, a decrease was observed in the following years. In Jamaica, the
low levels remained unchanged.

The two samples from Chile apparently showed considerable differences of the
WHO-PCDD/PCDF-TEQ concentrations between 2008 (8.44 pg/g) and 2011
(3.92 pg/g). Neither the contribution of PCDD, PCDF and dioxin-like PCB to the
TEQ nor the PCDD/PCDF pattern changed during this relatively short time period of
3 years. Thus, sampling differences might explain these findings (Malisch et al.
2023b).
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Fig.22 Overview of the developments of WHO-PCDD/PCDF-TEQ concentrations in human milk
(pg/g lipid; aggregated data) over time for Latin American and Caribbean countries with repeated
participation between 2000 and 2019
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Fig. 23 Temporal tendencies of WHO-PCDD/PCDF-TEQ concentrations in human milk (pg/g
lipid) for Latin American and Caribbean countries with repeated participation between 2000 and
2019 using the Theil-Sen method

Overall decreases per 1 year, 5 years and 10 years are given in Table 12 (for
statistical significance of trends requiring p-values <0.05 and changes of
concentrations indicating tendencies, see subsection 2.4).

Table 12 Overall decrease (%) of WHO-PCDD/PCDEF-TEQ in human milk per 1 year, 5 years and
10 years in Latin American and Caribbean countries (calculated by the Theil-Sen method)

Overall Overall Overall Trend

decrease (%) decrease (%) decrease (%) p-value
Country per 1 year per 5 years per 10 years] overall
Antigua-Barb. 4.6 21.1 37.8 1.000
Barbados 3.8 17.5 31.9 1.000
Brazil 4.0 18.5 33.7 <0.001
Chile 22.6 72.2 92.3 1.000
Haiti 74 31.9 53.6 0.250
Jamaica 0.4 1.8 3.5 1.000
Mexico 4.7 21.2 379 1.000
Peru 3.8 17.5 31.9 1.000
Uruguay 33 15.4 28.5 1.000
Median 4.0 18.5 33.7
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4.5 Eastern European Group

Figures 24 (for aggregated data) and 25 (comprising all individual pooled samples
and assuming exponential trends, see subsection 2.4) illustrate the time trends of
WHO-PCDD/PCDF-TEQ concentrations in 11 countries of the Eastern European
Group with repeated participation between 1987 and 2019.

One country (Hungary) already participated in the 1987-1988 round. Here, the
WHO-PCDD/PCDF-TEQ concentrations decreased by 56% until 2004-2007. In
countries which participated for the first time in the 1992-1993 period, the
concentrations (as aggregated data, calculated as median if two or more samples
were submitted in a certain period) decreased by 77% in Croatia until 2014, by 76%
in the Czech Republic until 2019, by 70% in Lithuania until 2015, by 79% in the
Slovak Republic until 2019, by 25% in the Ukraine until 2001, and by 22% in Russia
until 2001-2002. In two countries participating for the first time in the 2000-2003
period, WHO-PCDD/PCDF-TEQ concentrations decreased by 18% (Bulgaria,
2014) and 22% (Romania, 2014). Finally, two countries (Georgia and Moldova)
participated for the first time in the 2008-2011 period. Here, concentrations
decreased by 21% (Georgia) and 42% (Moldova) until 2015.

The overall decreases per 1 year, 5 years and 10 years calculated on all individual
countries are given in Table 13 (for statistical significance of trends requiring p-
values <0.05 and changes of concentrations indicating fendencies, see subsection
2.4). For all Eastern European countries on average the decrease over 10 years of
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Fig. 24 Overview of the development of WHO-PCDD/PCDF-TEQ concentrations in human milk
(pg/g lipid; aggregated data) over time for countries of the Eastern European Group with repeated
participation between 1987 and 2019
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Fig. 25 Temporal tendencies (with some statistically significant time trends) of WHO-PCDD/
PCDF-TEQ concentrations in human milk (pg/g lipid) for countries of the Eastern European Group
with repeated participation between 1987 and 2019 using the Theil-Sen method

Table 13 Overall decrease (%) of WHO-PCDD/PCDF-TEQ in human milk per 1 year, 5 years and
10 years in countries of the Eastern European Group and for four countries, estimated
concentrations in 2025 (calculated by the Theil-Sen method). Negative decreases are to be read

as increase

Estimated

Overall Overall Overall concentration Trend

decrease (%) decrease (%) decrease (%) in 2025 p-value
Country per 1 year per 5 years per 10 years] [ng/g lipid] overall
Bulgaria 1.5 7.2 13.8 0.250
Croatia 5.5 24.5 43.0 1.2 <0.001
Czechia 52 23.3 41.2 2.1 <0.001
Georgia 4.6 21.0 37.5 1.000
Hungary 4.0 18.4 335 <0.001
Lithuania 5.4 24.4 42.8 22 0.016
Moldova 8.7 36.5 59.7 1.000
Romania 1.9 9.0 17.1 0.250
Russia —0.3 —14 2.7 1.000
Slovakia 5.8 25.9 45.1 1.7 <0.001
Ukraine 3.9 18.2 33.1 0.031
Median 4.6 21.0 37.5
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35% (calculated by the Theil-Sen method and use of all individual samples) was
statistically significant (p < 0.001) (see Table 9 in subsection 4.1). Based on a
statistically significant decrease and participation also after 2010, a prognosis of the
estimated concentrations in 2025 was also derived for 4 countries.

4.6 Western European and Others Group (WEOG)

Figures 26 (for aggregated data) and 27 (comprising all individual pooled samples
and assuming exponential trends, see subsection 2.4) illustrate the time trends of
WHO-PCDD/PCDF-TEQ concentrations in 14 countries of the Western European
and Others Group with repeated participation between 1987 and 2019. A continuous
decrease is observed in all countries over all periods, with high concentrations found
in the 1987-1988 period decreasing over the following rounds and later
levelling out: Whereas the overall decrease (%) per 10 years before 2000 was 62%
and between 2001 and 2010 58%, it was 8% in the decade after 2011 (Table 14).
In Germany, which covers the whole period between 1987 and 2019, based on
aggregated data a decrease of WHO-PCDD/PCDF-TEQ concentrations in human milk
by 91% was achieved. Similarly successful were Belgium and the Netherlands both
with reductions of 89% between the end of the 1980s and the 2012-2015 period.
The median of the decreases for all countries per 10 years was 48% (range
29%—-58%). The range between 28% and 54% was statistically significant in
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Fig. 26 Overview of the development of WHO-PCDD/PCDF-TEQ concentrations in human milk
(pg/g lipid; aggregated data) over time for countries of the Western European and Others Group
with repeated participation between 1987 and 2019
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Fig. 27 Temporal tendencies (mostly as statistically significant time trends) of WHO-PCDD/
PCDF-TEQ concentrations in human milk (pg/g lipid) for countries of the Western European and
Others Group with repeated participation between 1987 and 2019 using the Theil-Sen method

Table 14 Overall decrease (%) of WHO-PCDD/PCDF-TEQ in human milk in three decades
(before 2000; 2001-2010; after 2011) per 1 year, 5 years and 10 years in countries of the Western
European and Others Group (calculated by the Theil-Sen method)

Overall Overall Overall Trend

decrease (%) decrease (%) decrease (%) p-value
Period per 1 year per 5 years per 10 years] overall
Before 2000 9.2 384 62.0 <0.001
2001-2010 8.2 34.9 57.6 <0.001
After 2011 0.8 4.0 7.9 0.121

10 countries (Table 15; for statistical significance of trends requiring p-values <0.05
and changes of concentrations indicating tendencies, see subsection 2.4). For all
WEOG countries on average the decrease over 10 years of 51% was statistically
significant (p < 0.001) (see Table 9 in subsection 4.1). Based on a statistically
significant decrease and participation also after 2010, also a prognosis of the
estimated concentrations in 2025 was derived for 7 countries.
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Table 15 Overall decrease (%) of WHO-PCDD/PCDF-TEQ in human milk per 1 year, 5 years and
10 years and estimated concentrations in 2025 in countries of the Western European and Others
Group (calculated by the Theil-Sen method)

Estimated

Overall Overall Overall concentration Trend

decrease (%) | decrease (%) |decrease (%) |in 2025 p-value
Country per 1 year per 5 years per 10 years] | [ng/g lipid] overall
Australia 5.4 24.4 42.8 1.4 0.008
Austria 5.7 25.6 44.7 1.7 0.001
Belgium 7.1 30.9 522 1.9 <0.001
Finland 5.8 25.8 44.9 <0.001
Germany 7.4 31.8 53.5 1.6 <0.001
Ireland 39 18.2 33.1 0.266
Luxembourg | 8.2 34.8 57.5 0.500
Netherlands 7.1 30.8 52.1 2.0 <0.001
New Zealand | 3.2 15.2 28.1 2.3 0.016
Norway 6.2 27.4 47.2 <0.001
Spain 7.1 30.8 522 0.003
Sweden 6.6 29.1 49.7 1.4 <0.001
Switzerland 6.4 28.0 48.1 1.000
USA 6.3 27.7 47.7 0.125

Median 6.3 27.8 47.9

5 Total Toxic Equivalents of PCDD, PCDF and Dioxin-Like
PCB (WHO5(05-TEQ)

All TEQ-related evaluations are based on the WHO-TEFs as proposed in 2005 (Van
den Berg et al. 2006). The term “WHO-PCDD/PCDF-TEQ” is used for TEQ of
PCDD/PCDF, “WHO-PCB-TEQ” for TEQ of dioxin-like PCB and “WHO;gs-
TEQ” for the total TEQ as sum of the contribution of PCDD/PCDF and dioxin-
like PCB. Results are given as upper bound concentrations and expressed on a lipid
basis (Malisch et al. 2023b).

As dioxin-like PCB were of interest starting from the second WHO round
(1992-1993), time trends for total TEQ (WHO,s-TEQ) can be derived only
beginning with this period. For a first general estimation of time trends,
130 aggregated data for 54 countries with repeated participation in the period
19922019 and 116 aggregated data for 50 countries for the period 2000-2019
were used as the basis. In 6 periods between 1992 and 2019, the median of the
concentrations decreased considerably from 21.7 pg WHO,p05-TEQ/g to 3.91 pg/g
(= 82% decrease). The Stockholm Convention was adopted in 2001 and entered into
force in 2004. Therefore, if only the period 2000-2019 is taken into consideration,
the median concentrations went down by 70% from initially 13.1 pg WHO,o5-TEQ/
g in the period 2000-2003. Other than observed for the continuous decrease of
WHO-PCDD/PCDF-TEQ levels, the WHO,y05-TEQ concentrations seemed to
decrease with a fluctuation by an increase from the fifth to the sixth round
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Table 16 Ranges of total TEQ concentrations in human milk (pg WHO,005s-TEQ/g lipid) in
6 periods between 1992 and 2019 for countries with two or more participations and decrease of
the median concentrations calculated as % of round 2 (1992-1993) and round 3 (2000-2003),
respectively, as point of reference (aggregated data using the median if two or more samples were
submitted by a country in a certain period; ND = not determined)

Decrease of median

WHO,(05-TEQ over time
No of countries/ % relative | % relative

Round | Period participations Min | Median |Max |toround?2 | toround3
1 1987-1988 | - ND |ND ND -
2 1992-1993 | 14 9.57 |21.7 33.9 |100% -
3 2000-2003 |23 442 |13.1 23.0 | 60% 100%
4 2004-2007 |11 5.06 |7.80 15.7 | 36% 59%
5 2008-2011 |36 201 |5.62 150 | 26% 43%
6 2012-2015 |15 1.54 ]6.50 11.1 | 30% 50%
7 2016-2019 | 31 1.29 391 11.6 | 18% 30%

19922019 | 130 129 |6.53 339

2000-2019 | 116 1.29 |6.04 23.0

(Table 16). As explained above for non-dioxin-like-PCB, also these changes are the
result of participation of different countries in different rounds. Therefore, for more
precise time trends, a country-specific evaluation is necessary.

5.1 Global Level and Comparison Between UN Regional Groups

Figure 28 illustrates the developments in 54 countries from all UN regions with
repeated participation between 1992 and 2019 for 130 aggregated data. Similar
temporal trends as described for WHO-PCDD/PCDF-TEQ were observed.
Discrepancies depend on dioxin-like PCB and their contribution to total TEQ in
comparison with the PCDD/PCDF contribution (Malisch et al. 2023b).

For time trend analysis of total TEQ concentrations, results of 226 individual
pooled samples were available. Monitoring of WHO,y0s-TEQ concentrations in
many European countries PCDD/PCDF covers three decades, whereas the studies
in Africa, the Asia-Pacific Region, Latin America and the Caribbean comprised the
period 2000-2019, with most countries participating for the first time in the
2008-2011 period.

In nearly all countries, WHO,5-TEQ concentrations were consistently decreas-
ing over the whole monitored period. A 50% decrease in the levels of total TEQ
within a 10-year period was achieved in regions with countries with initially
relatively high WHO,005-TEQ concentrations in human milk, as found, e.g., in
Western European in the second (1992—1993) or third (2000-2003) round or in an
African country in the 20002003 period. In comparison with the initial levels found
in Western European countries, most Eastern European countries had on average
lower WHO,40s-TEQ concentrations in human milk; for this group, the decrease
within a 10-year-period was nearly 40%. The lower decrease rates observed in some
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Table 17 Overall decrease (%) of WHO,00s-TEQ concentrations in human milk in the 5 UN
Regional Groups and worldwide (computed using all individual samples, see subsection 2.4)

Overall decrease (%) Overall decrease (%)

per 1 year per 10 years] Trend
UN Regional N of Theil-Sen | median | Theil-Sen | median | p-value
Group countries | method method | method method | overall
Africa 13 10.1 32 65.4 27.7 <0.001
Africa without Egypt | 12 4.8 3.1 39.0 27.0 <0.001
Asia-Pacific 8 6.6 3.3 493 28.3 <0.001
Asia-Pacific 7 33 39 28.6 32.8 <0.001
without Hong Kong
Latin America and 9 22 4.6 19.6 37.3 <0.001
Caribbean
Latin America and 8 4.3 53 353 41.9 <0.001
Caribbean without
Brazil
Eastern Europe 11 4.3 4.7 35.6 38.3 <0.001
Western Europe 13 6.4 6.4 48.5 48.1 <0.001
and Others
Global 54 6.6 6.4 49.5 48.5 <0.001
Median of UN 4.6 37.3
Regional Groups

# for Theil-Sen method

African, Pacific, Latin American and Caribbean and Eastern European countries
have to be seen in context with the quite low initial levels in these countries in
comparison with some countries of other regions and their periods of participation.

The regional trends (Table 17) have also to be seen in context with the variation
among participating countries. Large differences between the decreases calculated
by the Theil-Sen method or the median method indicate a considerable variation
between countries in a region, e.g., in Africa as result of the high decrease in Egypt
after initially comparatively high WHO-PCDD/PCDF-TEQ concentrations in the
20002003 period. The decreases calculated by the Theil-Sen method for the
African Group without Egypt are in better agreement with the median method.
Similarly, in Latin America and the Caribbean, a differentiation between Brazil
(with participation already in the 20002003 period and submission of 10 pooled
samples at that time) and other countries (mostly participating for the first time in the
period 2008-2011 with submission of one pooled sample per period) was
introduced. In the Asia-Pacific Group, the decrease (decrease rate constant) without
Hong Kong was also calculated to exclude a possible influence of the comparably
high number of pooled samples from different subgroups collected in 2002 and
2009. The country-specific aspects are discussed in the following sections.

The annual global decrease was estimated at 6.6% (i.e. half-life of 10.1 years)
computed by the Theil-Sen method, which is in agreement with an annual decrease
of 6.4% in the case of the median method. All trends were statistically significant ( p-
value <0.001).

The exponential trends of WHO,ps-TEQ concentrations derived by the Theil-Sen
method in the five UN Regional Groups and worldwide are illustrated in Fig. 29a—f.
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Fig. 29 (a-f) Theil-Sen exponential trends of total TEQ concentrations in human milk
(pg WHO,(p5-TEQ/g lipid) in the 5 UN regions and worldwide. The shaded area shows the 95%
confidence interval of the trend; the thick black lines in the middle of the frequency distribution in a
certain year show median concentrations in individual years, whiskers show ranges between fifth
and 95th percentiles
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5.2 African Group

Figures 30 (for aggregated data) and 31 (comprising all individual pooled samples
and assuming exponential trends, see subsection 2.4) illustrate the time trends of
WHO,05-TEQ concentrations in 13 countries from the Africa Group with repeated
participation between 2000 and 2019.

Most countries participated for the first time in the 2008-2011 period; in these
countries, WHO,(ps-TEQ concentrations fell on average by about 23% (range 14%—
40%) until the period 2016 to 2019. The calculated decrease for WHO,(s-TEQ
within a 10-year period is in a range between 14% and 61% (median 28%) (Table 18;
for statistical significance of trends requiring p-values <0.05 and changes of
concentrations indicating fendencies, see subsection 2.4). The highest rate was
observed in Egypt, where PCDD/PCDF sources were discussed for elevated findings
in the 2001-2002 samples (Malisch et al. 2023b).

For the decrease of total TEQ concentrations, the relative contribution of dioxin-
like PCB and PCDD/PCDF has an influence. As an example for changes of the
contribution of dioxin-like PCB to the total TEQ over time, in Togo the relatively
low background concentrations for WHO-PCDD/PCDF-TEQ increased from
2008-2011 to 20162019 by 22%, whereas the WHO,p05-TEQ concentration
decreased by 26%. In this period, the contribution of dioxin-like PCB to the total
TEQ decreased in Togo from 55% in 2010 to 25% in 2017 (Malisch et al. 2023b).
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Fig. 30 Overview of the development of WHO,05s-TEQ concentrations in human milk (pg/g lipid;
aggregated data) over time for African countries with repeated participation between 2000 and 2019
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African countries with repeated participation between 2000 and 2019 using the Theil-Sen method

Table 18 Overall decrease (%) of WHO,5s-TEQ in human milk per 1 year, 5 years and 10 years
in African countries and for one country, estimated concentrations (pg WHO,00s-TEQ/g lipid) in
2025 (calculated by the Theil-Sen method)

Overall Overall Overall Trend

decrease (%) decrease (%) decrease (%) p-value
Country per 1 year per 5 years per 10 years] overall
Congo (DR) 32 15.0 27.7 1.000
Cote d’Ivoire 3.8 17.5 32.0 1.000
Egypt 9.0 37.5 60.9 <0.001
Ethiopia 2.5 12.0 22.5 1.000
Ghana 23 10.9 20.6 1.000
Kenya 1.5 7.2 13.9 1.000
Mali 3.0 14.1 26.3 1.000
Mauritius 5.6 25.0 43.8 1.000
Niger 35 16.4 30.2 1.000
Nigeria 4.3 19.6 353 1.000
Senegal 2.4 11.3 21.2 1.000
Togo 4.3 19.7 355 1.000
Uganda 2.6 12.4 23.2 1.000
Median 32 15.0 27.7
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Whereas the WHO-PCDD/PCDF-TEQ concentrations decreased in African
countries from 2008-2011 to 2016-2019 on average by 10% (range 38% decrease
to 22% increase), the WHO-PCB-TEQ concentrations decreased on average by 47%
(range 23% to 67%).

5.3 Asia-Pacific Group

Figures 32 (for aggregated data) and 33 (comprising all individual pooled samples
and assuming exponential trends, see subsection 2.4) illustrate the time trends of
WHO,(05-TEQ concentrations in 8 countries from the Asia-Pacific Group with
repeated participation between 1992 and 2019.

Decreasing temporal trends were observed in nearly all other countries of the
Asia-Pacific region. In Hong Kong SAR of China, the median of 13 pooled samples
from different subgroups collected in 2002 decreased by 12% to the median of four
pooled samples collected in 2009. Fiji participated in four rounds between 2000 and
2019. Over this period, the WHO;(s-TEQ concentration decreased by 34% from
4.42 pgl/g (as the median of two pooled samples) as an already comparably low level
in 2002 to 2.90 pg/g in 2019. Only in the Marshall Islands the WHO,(s-TEQ
concentration increased from 6.32 pg/g in 2011 to 11.6 pg/g in 2019. For this
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Fig. 32 Overview of the development of WHO,05s-TEQ concentrations in human milk (pg/g lipid;
aggregated data) over time for countries of the Asia-Pacific Group with repeated participation
between 1987 and 2019
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Fig. 33 Temporal tendencies of WHO,(s-TEQ concentrations in human milk (pg/g lipid) for
countries of the Asia-Pacific Group with repeated participation between 1987 and 2019 using the
Theil-Sen method

Table 19 Overall decrease (%) of WHO,005-TEQ in human milk per 1 year, 4 years, 5 years and
10 years in countries of the Asia-Pacific Group (calculated by the Theil-Sen method). Negative
decreases are to be read as increase

Overall Overall Overall Overall Trend

decrease (%) | decrease (%) | decrease (%) |decrease (%) |p-value
Country per 1 year per 4 years per 5 years per 10 years] | overall
Hong Kong 1.4 5.6 6.9 133 0.003
Fiji 2.7 10.2 12.6 23.6 0.191
Kiribati 5.5 20.3 24.7 433 0.250
Marshall Islands | —7.9 —-355 —46.3 —113.9 1.000
Niue 154 48.8 56.7 81.3 1.000
Palau 6.0 219 26.6 46.2 1.000
Samoa 2.0 7.9 9.8 18.6 1.000
Solomon Islands 39 14.7 18.0 32.8 1.000
Median 33 12.5 153 28.3

country, the congener pattern and possible sources for the increased levels were
discussed separately (Malisch et al. 2023b).

The overall decreases per 1 year, 5 years and 10 years are given in Table 19 (for
statistical significance of trends requiring p-values <0.05 and changes of
concentrations indicating tendencies, see subsection 2.4). The decrease in the levels
of WHO,5-TEQ within a 10-year period was in nearly all countries between 13%
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and 81% showing a continuous decrease also in the range of low background
concentrations.

5.4 Group of Latin American and Caribbean Countries (GRULAC)

Figures 34 (for aggregated data) and 35 (comprising all individual pooled samples
and assuming exponential trends, see subsection 2.4) illustrate the time trends of
WHO,05-TEQ concentrations in 9 Latin American and Caribbean countries with
repeated participation between 2000 and 2019. In Brazil a reduction of 40% was
found from the median of 10 pooled samples of the 2000—2003 period to the median
of 3 pooled samples of the 2012—-2015 period. Most other countries participated for
the first time in the period 2008-2011, Haiti in 2004-2007. In all countries, a
decrease was observed in the following years.

The overall decreases per 1 year, 5 years and 10 years are given in Table 20 (for
statistical significance of trends requiring p-values <0.05 and changes of
concentrations indicating tendencies, see subsection 2.4). The decrease in the levels
of WHO,0s-TEQ within a 10-year period was in all countries between 20% and
93% showing a continuous decrease also in the range of low background
concentrations. The high decrease found in Chile for samples collected over a
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Fig. 34 Overview of the development of WHO,5s-TEQ concentrations in human milk (pg/g lipid;
aggregated data) over time for Latin American and Caribbean countries with repeated participation
between 2000 and 2019
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Fig. 35 Temporal tendencies of WHO,(s-TEQ concentrations in human milk (pg/g lipid) for
Latin American and Caribbean countries with repeated participation between 2000 and 2019 using
the Theil-Sen method

Table 20 Overall decrease (%) of WHO,00s-TEQ in human milk per 1 year, 5 years and 10 years
in Latin American and Caribbean countries (calculated by the Theil-Sen method)

Overall Overall Overall Trend

decrease (%) decrease (%) decrease (%) p-value
Country per 1 year per 5 years per 10 years] overall
Antigua-Barb. 6.4 28.2 48.5 1.000
Barbados 43 19.6 353 1.000
Brazil 3.5 16.5 30.2 0.056
Chile 234 73.6 93.1 1.000
Haiti 9.6 39.7 63.6 0.250
Jamaica 22 10.6 20.1 1.000
Mexico 4.6 20.8 37.3 1.000
Peru 6.1 26.9 46.5 1.000
Uruguay 4.1 18.9 34.3 1.000
Median 4.6 20.8 37.3

relatively short period (2008 and 2011) has to be seen in context with discussion of
PCDD/PCDF patterns and the assumption that differences in the regional origin

might explain these findings (Malisch et al. 2023b).
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5.5 Eastern European Group

Figures 36 (for aggregated data) and 37 (comprising all individual pooled samples
and assuming exponential trends, see subsection 2.4) illustrate the time trends of
WHO,05-TEQ concentrations in 11 countries of the Eastern European Group with
repeated participation between 1987 and 2019.

In countries which participated for the first time in the 1992-1993 period, the
concentrations (as aggregated data, calculated as median if two or more samples
were submitted in a certain period) decreased by 71% in Croatia until 2014, by 74%
in the Czech Republic until 2019, by 40% in Hungary until 2006, by 76% in
Lithuania until 2015, by 80% in the Slovak Republic until 2019, by 13% in the
Ukraine until 2001, and increased by 11% in Russia until 2001-2002. In two
countries participating for the first time in the 2000-2003 period, WHO,o5s-TEQ
concentrations decreased by 26% (Bulgaria, 2014) and 27% (Romania, 2014).
Finally, two countries (Georgia and Moldova) participated for the first time in the
2008-2011 period, where concentrations decreased in both by 39% until 2015.

The overall decreases per 1 year, 4 years, 5 years and 10 years calculated for all
individual countries are given in Table 21 (for statistical significance of trends
requiring p-values <0.05 and changes of concentrations indicating tendencies, see
subsection 2.4). Statistically significant overall decreases per 10 years for countries
between 14% and 47% were found in 6 countries. For four of these with participation
also after 2010, also a prognosis of the estimated concentrations in 2025 was
derived.
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Fig. 36 Overview of the development of WHO,5s-TEQ concentrations in human milk (pg/g lipid;
aggregated data) over time for countries of the Eastern European Group with repeated participation
between 1987 and 2019
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Fig. 37 Temporal tendencies (with statistically significant time trends for 6 countries) of
WHO,ps-TEQ concentrations in human milk (pg/g lipid) for countries of the Eastern European
Group with repeated participation between 1987 and 2019 using the Theil-Sen method

Table 21 Overall decrease (%) of WHO,5s-TEQ in human milk per 1 year, 5 years and 10 years
in countries of the Eastern European Group and for four countries, estimated concentrations
(pg WHOy00s-TEQ/g lipid) in 2025 (calculated by the Theil-Sen method)

Estimated

Overall Overall Overall concentration | Trend

decrease (%) decrease (%) decrease (%) in 2025 p-value
Country per 1 year per 5 years per 10 years] [ng/g lipid] overall
Bulgaria 23 10.9 20.6 0.250
Croatia 5.7 25.4 44.4 2.5 0.008
Czechia 4.7 21.4 38.3 4.1 <0.001
Georgia 5.7 25.5 44.5 1.000
Hungary 32 15.2 28.0 0.002
Lithuania 6.2 27.5 474 35 0.016
Moldova 8.0 34.2 56.7 1.000
Romania 2.4 11.3 214 0.250
Russia —0.1 -0.4 —0.8 0.394
Slovakia 5.8 25.7 449 29 <0.001
Ukraine 1.5 7.2 13.9 0.002
Median 4.7 214 38.3
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5.6 Western European and Others Group (WEOG)

Figures 38 (for aggregated data) and 39 (comprising all individual pooled samples
and assuming exponential trends, see subsection 2.4) illustrate the time trends of
WHO,05-TEQ concentrations in 13 countries of the Western European and Others
Group with repeated participation between 1992 and 2019. A continuous decrease is
observed in all countries over all periods, with high concentrations found in the
1987-1988 period decreasing faster over the following rounds and later at lower
concentration ranges slower: Whereas the overall decrease (%) per 10 years before
2000 was 75% and 58% between 2001 and 2010, it was 8% in the decade after 2011
(Table 22).

Based on aggregated data, in Germany, which covers the whole period between
1992 and 2019, a decrease of WHO,(05-TEQ concentrations in human milk by 84%
was achieved. Similarly successful were Belgium and the Netherlands with
reductions of nearly 80% between 1992 and the 2012-2015 period.

The median of the decreases (decrease rate constants) for all countries per
10 years was 48% (range 34-56%) (Table 23; for statistical significance of trends
requiring p-values <0.05 and changes of concentrations indicating tendencies, see
subsection 2.4). Based on statistically significant decrease rates, estimated
concentrations in 2025 were derived for 4 countries with participation also after
2010.
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Fig. 38 Overview of the development of WHO,(s-TEQ concentrations in human milk (pg/g lipid;
aggregated data) over time for countries of the Western European and Others Group with repeated
participation between 1987 and 2019
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Fig. 39 Temporal tendencies (with many statistically significant time trends) of WHO,ps-TEQ
concentrations in human milk (pg/g lipid) for countries of the Western European and Others Group
with repeated participation between 1987 and 2019 using the Theil-Sen method

Table 22 Overall decrease (%) of WHO-PCDD/PCDF-TEQ in human milk in three decades
(before 2000; 2001-2010; after 2011) per 1 year, 5 years and 10 years in countries of the Western
European and Others Group (calculated by the Theil-Sen method)

Overall Overall Overall Trend

decrease (%) decrease (%) decrease (%) p-value
Period per 1 year per 5 years per 10 years] overall
Before 2000 13.0 50.2 75.2 <0.001
2001-2010 8.2 34.8 57.5 <0.001
After 2011 0.9 42 8.2 0.570
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Table 23 Overall decrease (%) of WHO00s-TEQ in human milk per 1 year, 5 years and 10 years
in countries of the Western European and Others Group and for four countries, estimated
concentrations (pg WHO,ps-TEQ/g lipid) in 2025 (calculated by the Theil-Sen method)

Estimated

Overall Overall Overall concentration | Trend

decrease (%) | decrease (%) | decrease (%) in 2025 p-value
Country per 1 year per 5 years per 10 years] [ng/g lipid] overall
Australia 5.1 22.9 40.6 2.1 0.008
Austria 5.6 252 44.0 0.250
Belgium 5.9 26.3 45.7 3.7 <0.001
Finland 7.0 30.3 514 <0.001
Germany 74 31.8 53.5 3.1 <0.001
Ireland 4.0 18.5 33.6 0.134
Luxembourg | 7.8 333 55.5 0.500
Netherlands 6.8 29.8 50.7 4.0 0.016
New Zealand | 5.6 25.0 43.7 0.250
Norway 7.0 30.3 51.5 <0.001
Spain 6.9 30.1 51.1 <0.001
Sweden 6.4 28.0 48.1 0.25
Switzerland 6.1 26.9 46.6 1.000
Median 6.4 28.0 48.1
6 Summary and Conclusions

One of the objectives of the WHO/UNEP-coordinated exposure studies in human
milk was to generate comparable and consistent monitoring data to estimate time
trends on levels of POPs included in the Stockholm Convention on Persistent
Organic Pollutants as required under Article 16 of the Convention. The Convention
parties adopted the Guidance Document on the Global Monitoring Plan that
considers necessary data on the levels of these POPs in certain environmental
compartments and human tissues (blood and milk) to estimate time trends to
measure the effectiveness of the Convention in eliminating or reducing emissions
of POPs.

The presentation and discussion of the 2000-2019 results in Part IIT of this
compendium includes a general estimation of time trends during the five rounds
for all participating countries over these 20 years using data gathered from various
rounds. However, a more precise approach for determining time trends is the
evaluation of results from only countries with repeated participation in these studies:
This allows more certainty in drawing of conclusions on temporal trends, which are
not potentially influenced by single results of a countries submitted for a single
round, and seemed optimal for the evaluation of the effectiveness for the purpose of
Article 16.
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For statistically significant trends, a minimum of five data points have to be
available. However, for most countries only less than five data points are available.
This prevents deriving statistically significant temporal trends in these cases. Yet, the
existing data can indicate decreasing or increasing tendencies in POP concentrations.
Furthermore, pooling of data in regions allows to derive statistically significant time
trends for the UN Regional Groups. To minimize possible sources of variation for
time trend analysis of POPs, including PCB, PCDD and PCDF, the concept of the
WHO/UNEP-coordinated exposure studies has two basic elements (preparation of
pooled samples from a number of individual samples considered to be representative
for a country or region/subgroup; analysis by a reference laboratory).

This chapter presents temporal trends derived for the (1) sum of six Indicator PCB
(ZPCBg), (2) sum of toxic equivalents (TEQ) of PCDD/PCDF (WHO-PCDD/
PCDF-TEQ) and (3) total sum of toxic equivalents (“Total TEQ”) of mixtures of
PCDD/PCDF and dioxin-like PCB (WHO509s-TEQ). All concentrations are
reported on a lipid basis.

Five rounds of WHO/UNEP-coordinated exposure studies from 2000-2019 as
well as two WHO-coordinated exposure studies carried out in 1987-1988 and
1992-1993 are used as the basis of this evaluation. Therefore, data for human
milk samples from 57 countries with repeated participation from all United Nations
Regional Groups between 1987 and 2019 were available to derive time trends.

Decreases (decrease rate constants) per 1 year, 5 years (approximately 20%
higher than the decrease over 4 years as average lengths of the
WHO/UNEP-coordinated studies) and 10 years were computed using the Theil-
Sen trend estimator including values of all individual samples for the trend analysis.
For confirmation, a method of deriving the regional trend as a median of trends in
countries within the region was used (“median method”).

The reduction rates should be seen also in context with the concentration range
(differentiation of levels above or in the range of the background contamination). If
high levels are found, sources might be detected which could be eliminated. How-
ever, at low background levels, other factors, e.g. contamination of feed and food by
air via long-range transport and subsequent bioaccumulation, cannot be influenced
locally.

Indicator PCB

In European countries, the sum of 6 non-dioxin-like Indicator PCB was in a range up
to 800 ng/g at the end of the 1980s and early 1990s and decreased to mostly below
100 ng/g until 2019. This was approximately the maximum concentration found in
non-European regions over the whole period 1987-2019.

A 50% decrease within a 10-year period was achieved for the levels of XPCB¢ in
nearly all UN regions (range 34% to 65% calculated by the Theil-Sen method; range
45% to 62% calculated by the median method) and at a global level (71% calculated
by the Theil-Sen method; 56% calculated by the median method). The Latin
American and Caribbean countries had lower ZPCB¢ concentrations in comparable
periods, obviously resulting in lower decreases (decrease rate constants). This is an
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indication that the decrease might be faster in regions with higher concentration,
compared to a slower decrease in less polluted regions.

As an example for European countries, in Germany a decrease of XPCBg
concentrations in human milk by 95% was achieved between the end of the 1980s
and 2019. Similarly, Belgium, The Netherlands, the Czech Republic, the Slovak
Republic, Austria and Lithuania were successful with reductions in the range of 85%
to 95% between the end of the 1980s/early 1990s and the period between 2012 and
2019. Most other European countries also reduced ZPCBg concentrations in human
milk substantially, although often over a shorter period. This trend is largely
influenced by the stop of PCB production in the 1980s and a restriction of PCB
use in open application in the 1970s with improved PCB waste management from
1990s on including Stockholm Convention measures from 2001 on (Weber et al.
2018).

As in European countries, Vietnam and Thailand also saw a decrease of 2PCBg¢
concentrations in human milk by 85% to 95% between the end of the 1980s and
20162019, however, starting at considerably lower concentrations in both periods.
In Egypt and Fiji, a reduction between approximately 85% and 75% was observed
from 2000-2003 to 2016-2019. In Hong Kong SAR of China, XPCBg¢
concentrations fell approximately 50% from 2000-2003 to 20082011, and in Brazil
about 60% from 20002003 to 2012-2015. Most other countries participated for the
first time in the period 2008-2011. In nearly all countries, decreases were observed
in the following years but there is not enough data to derive the time trends. In
Mexico, the concentration remained unchanged at low background levels.
Tendencies for increase were seen in Senegal and the Marshall Islands.

WHO-PCDD/PCDF-TEQ

At the global level, the decrease in the levels of PCDD/PCDF levels within a 10-year
period was 48% calculated by the Theil-Sen method and 34% calculated by the
median method. A decrease over 10 years of 51% was achieved in the Western
European and Others Group with initially relatively high WHO-PCDD/PCDF-TEQ
concentrations in the first (1987-1988) and second (1992—-1993) rounds. Most
Eastern European countries participated for the first time in the 1992-1993 period
with on average lower WHO-PCDD/PCDF-TEQ concentrations in human milk than
in Western European countries; for this group, the decrease within a 10-year-period
was 35%.

In comparison with the Western European and Others Group and the Eastern
European Group, a higher variation of decreases (decrease rate constants) between
countries was observed in other UN Regional Groups. Lower decreases were
observed in some countries, but this has to be seen in context with the quite low
levels in these countries.

Overall in 7 periods between 1987 and 2019, the median of concentrations of
WHO-PCDD/PCDF-TEQ decreased considerably from 16.9 pg/g in 1987-1988 as
averaged for 13 countries to 2.68 pg/g in 2016-2019 as averaged for 33 countries,
which is a reduction of 84%. Because the Stockholm Convention was adopted in
2001 and entered into force in 2004, the levels from period 2000-2019 may be taken
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at the base. In this case, the initial concentration would be 7.34 pg/g in the period
2000-2003, which still shows a significant reduction of 63% until 2016-2019.

As an example for European countries, the Netherlands, Belgium and Germany
had the highest WHO-PCDD/PCDF-TEQ concentrations in the period 1987-1988
(ranging from 3242 pg/g). As a result of numerous measures taken already in the
1990s to detect and eliminate dioxin sources, a substantial decline of about 90% was
observed in human milk to 4.48 pg/g found in the Netherlands in 2014, 4.03 pg/g
found in Belgium in 2015 and 2.90 pg/g found in Germany in 2019. Belgium is the
country with the highest number of participations (n = 6); its results show that the
most substantial decrease occurred between 1987—-1988 and 20042007 with slight
decreases afterwards.

Two Asian countries also participated in the 1987-1988 round. Significant
decreases in WHO-PCDD/PCDF-TEQ concentration were observed in Vietnam
(by 86% until 2019) and Thailand (by 67% until 2018). Increasing concentrations
were found in the Marshall Islands. In all other countries the concentrations
decreased by smaller amounts or remained stable in the range of levels of back-
ground contamination.

Total TEQ (WHOzOOS-TEQ)

As dioxin-like PCB were of interest starting from the second WHO round
(1992-1993), time trends for total TEQ (WHO,40s-TEQ) can be derived only from
this period. Similar temporal trends as described for WHO-PCDD/PCDF-TEQ were
observed. Discrepancies depend on dioxin-like PCB and their contribution to total
TEQ in comparison with the PCDD/PCDF contribution.

In nearly all countries, WHO,o5-TEQ concentrations were consistently decreas-
ing over the whole monitored period. A decrease around 50% was achieved in
regions with countries with initially relatively high WHO,45-TEQ concentrations
in human milk, as found, e.g., in Western Europe in the second (1992—1993) or third
(2000-2003) round or in an African country in the 2000-2003 period. Most Eastern
European countries had on average lower WHO,s-TEQ concentrations in human
milk than Western European countries; for the Eastern European group, the decrease
within a 10-year-period was nearly 40%. The lower decreases (decrease rate
constants) observed in some African, Pacific, Latin American and Caribbean and
Eastern European countries are in line with the quite low levels in these countries in
comparison with some countries of other regions and their periods of participation.

Overall Conclusions

The concept of WHO/UNEP-coordinated exposure studies with standardized
protocols for preparation of pooled samples considered to be representative for a
country or subpopulation in a country and analysis in a reference laboratory provides
reliable data for human milk samples. The consideration only of countries with
repeated participation over a decade or more provides the best possible database
assessment of temporal trends. Statistically significant decreasing trends for PCB
and PCDD/PCDF were observed for all parameters in the five UN Regional Groups
and at a global level. However, for the majority of individual countries the limited
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available data did not allow for the statistically significant assessment of time trends,
but decreasing tendencies were observed for many of them and constant or increas-
ing levels for few of them. It is highly recommended to continue this monitoring
effort to secure enough data for appropriate time trend assessments in the future.
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