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Abstract:

Breastfeeding provides numerous health benefits for newborns by meeting
the infants’ nutritional needs and supporting associated immunological pro-
tection. Maternal milk is high in fat, and therefore, represents a very suitable
media for the bioaccumulation of lipophilic pollutants such as organochlorine
pesticides (OCPs) and polychlorinated biphenyls (PCBs). This makes breast
milk the primary source of the infant’s postnatal exposure to persistent toxic
xenobiotics. In this study, we applied a novel SHapley Additive exPlanations
(SHAP) method to investigate the key parameters that govern distribution
of PCB-138, an indicator of non-dioxin congeners, in the mother’s milk. Ac-
cording to the accuracy metrics, the eXtreme Gradient Boosting regression
was successfully employed, with relative error below 20% and high correla-
tion coefticient (r=0.97), for finding the relationships between PCB-138 and
other non-dioxin congeners, mother’s age, and number of births. According
to the results, PCB-156, PCB-180, HCB, HCH and PCB-118 have the major,
while PCB-28, PCB-52 and PCB-189 have the minor impact on PCB-138
distribution in breast milk. Similar behavior of contaminants, which belong
to the both indicator congener group (-28, —52, —180) and toxicologically
relevant PCBs (-118, —189), was recognized. The SHAP conclusions were
only partially consistent with the results of correlation analysis suggesting
that POPs exhibit non-linear dynamics and interrelations. Therefore, the
current knowledge on contamination of complex biomatrices would benefit
from further detailed analyses of pollutant intermittent relationships.
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1. INTRODUCTION

Organochlorine pesticides (OCPs) and polychlorinated biphenyls
(PCBs) belong to a group of compounds known as Persistent Organic
Pollutants (POPs). Due to their common properties such as persistence,
bioaccumulation, toxicity, and ability to be transported via air over long
distances, the production and use of POPs are eliminated and/or restricted
by the Stockholm Convention. Additionally, due to their persistence and
lipophilic properties, they tend to accumulate in the fatty tissues of
humans and animals.
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Research has shown that organochlorine com-
pounds, as endocrine modulators, affect human health.
The toxic potential of individual compounds is differ-
ent, but the overall toxic effect is additive. According
to epidemiological and laboratory studies, depending
on the compound, these toxins can affect the develop-
ment of cancer, cause allergy and hypersensitivity, as
well as central and peripheral nervous system damage,
reproductive disorders and immune system disorders.
Humans and wildlife are exposed to PCBs and organo-
chlorine pesticides in the polluted environment via air,
water, sediment soil and food, by ingestion, inhalation
or skin contact. Previous studies suggest that more of
these compounds is introduced into the body by food
intake than by inhalation or through the skin. It is also
known that unborn children are exposed to organochlo-
rine compounds that pass through the placenta. Biologi-
cal monitoring of these compounds in the body requires
invasive techniques referring to the surgical extraction
of adipose tissue. The alternative monitoring approach
and one of the mostly used non-invasive methods for
the assessment of human exposure is the analysis of hu-
man milk POPs content.

A number of literature sources reported on POPs
interrelations in the breast milk or/and their depend-
ence on parameters like mother's age and weight loss,
childbirth, dietary habits and occupation [1, 2, 3, 4].
Our previous investigations were aimed at investigating
the presence of OCPs and PCBs in human milk as well
as their mutual interrelations and associations with the
mother's age and parity using machine learning (ML)
algorithms [5, 6, 7]. In this study, we applied the addi-
tive feature attribution method - Shapley Additive ex-
Planations (SHAP), which offers uniquely consistent and
locally accurate attribution values in comparison with
the conventional attribution methods and has become
increasingly popular as a tool for predicting environ-
mental phenomena [8]. We aimed to obtain a detailed
insight into the parameters including organochlorine
pollutants, mother’s age and parity, that shape the
PCB-138 distribution in the mother’s milk. We chose
this congener since it has been considered among PCB,
group as indicator for the PCB behavior patterns in
various samples and it has been also taken as the most
suitable target compound for evaluating non-dioxin-like
PCBs. The classification of non-dioxin- and dioxin-like
congeners is used in the European food and feed regula-
tion where dioxin-like PCBs resemble biochemical and
toxicological characteristics of 2,3,7,8-tetrachlorodiben-
zo-p-dioxin (TCDD).
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2. MATERIAL AND METHODS

Sampling

Breast milk samples were collected from 152 healthy
primiparae, secundiparae and multiparae (third child
delivery), aged between 19 and 45, living in Zadar (Croatia).
The mothers had no history of accidental or occupational
exposure to the analyzed POPs. More details about sam-
pling were described previously [7].

Chemical analysis of PCBs and OCPs

The analytical procedure was described in details
previously [5]. Briefly, two subsamples of each unfrozen
milk sample (5 g) were extracted twice with a mixture
of chloroform and methanol and dried under a nitrogen
flow. Subsequently, milk fat was dissolved in n-hexane
and purification and fractionation were performed.

Seven OCPs [hexachlorobenzene (HCB), hexachloro-
cyclohexane isomers (a-, p-, and y-HCH), 1,1,1-trichlo-
ro-2,2-di(4-chlorophenyl)ethane (p,p-DDT), 1,1-di-
chloro-2,2-di(4-chlorophenyl)ethylene(p,p’-DDE),
1,1-dichloro-2,2-di(4-chlorophenyl)ethane (p,p-DDD)],
17 PCB congeners [PCB-28, PCB-52, PCB-101, PCB-138,
PCB-153, PCB-180 (six indicator congeners), PCB-105,
PCB-114, PCB-118, PCB-123, PCB-156, PCB-157, PCB-
167, PCB-189 (eight mono ortho congeners), PCB-60,
PCB-74 and PCB-170] were analysed. High-resolution
gas chromatography with electron capture detector (s)
was performed on a CLARUS 500 chromatograph using
two capillary columns (Restek, Bellefonte, PA, USA) si-
multaneously: (1) 60mx0.25 mm, Rtx-5 film thickness of
0.25 pm, and (2) 30mx0.25 mm, Rtx-1701 film thickness
0f 0.25 pm. The LODs for the analyzed compounds were
0.5 ng g™! milk fat for PCB congeners, 0.1 ng g~' milk fat
for a-HCH and HCB, 0.2 ng g™' milk fat for p,p "-DDE,
0.3 ng g' milk fat for B-HCH, y-HCH and p,p-DDD,
and 0.6 ng g™' milk fat for p,p -DDT. The average recov-
eries for PCBs ranged between 58% and 86% and for or-
ganochlorine pesticides between 59% and 92%. Method
reproducibility expressed as relative standard deviation
was between 6% and 22%, and 7% and 24% for PCBs
and OCPs, respectively.

Data analysis

The relationships between PCB-138 in breast milk
and all other measured parameters were modeled by us-
ing XGBoost regression. The details on the method are
given elsewhere [4]. In this study, we used Python XG-
Boost implementation. The dataset was split into training
(80%) and validation (20%) sets. Hyperparameter tuning
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was implemented using a brute-force grid search and 3. RESULTS AND DISCUSSION
10-fold stratified cross-validation. The best performing

hyperparameter values were used for the final model.
YPerp The concentrations of organochlorines found in the

milk samples of primiparae, secundiparae and multiparae
aged between 19 and 45 (with an average age of 30 years)
are given in Fig. 1. The most abundant pollutants were the
by-products of lindane (y-HCH and HCB), the organo-
chlorine pesticide metabolites (p,p-DDE and p,p-DDD),
and heavy hexa- and hepta-chloro non-dioxin like conge-
ners (PCB-138, PCB-153, PCB-180 and PCB-170).

Significant linear correlation coefficients (r >0.90) were
found between the following pairs of the investigated variables:
PCB-170-PCB-138; PCB-170-PCB-153; PCB-170-PCB-180;
PCB-153-PCB-180 and PCB-153-PCB-138 (Fig. 2).

The explainability of the produced XGBoost model
that operates with high-dimensional input data in a
non-linear fashion was obtained by using explainable
artificial intelligence method SHapley Additive exPlana-
tions (SHAP) [5]. Based on the game theory, the Shapley
explanations represent the only possible locally accurate
and globally consistent feature attribution values. The
captured attributed importance of a feature is visually
presented as SHAP summary plot.
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Fig. 1. Measured parameter box plots.
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Fig. 2. Obtained parameter correlation matrix.
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The results indicated that the listed pollutants have
similar molecular structure and metabolic pathways, but
we assumed that the advanced methods apart from com-
monly applied correlation matrices could be employed
to deepen the current understanding of PCB-138 behav-
iour patterns in breast milk.

For investigating the non-linear relationships be-
tween PCB-138 and other congeners, mother’s age,
and number of births, the XGBoost regression analysis
was successfully employed, with a relative error below
20% and high correlation coefficient (r=0.97) (Fig. 3).
As shown by the highest positive (up to 4) and negative
(up to -1.5) SHAP values, the most important variables
that shaped PCB-138 behaviour pattern in the examined
milk samples were PCB-170 and PCB-153 (Fig. 4).

The strongest influences were observed to be related
to the elevated concentrations of the listed pollutants
suggesting that mono-chlorine congeners are more
prone to bioaccumulation in human milk compared to
other PCBs.

Realtive error: 18.7% | Correlation: 0.97

12

[ Predicted
7] Observed

Concentration

Fig. 3. XGBoost evaluation.

Position of the halogen substituting biphenyl ring of
PCB-153, PCB-170 and PCB-153 provide such structure
and rigidity of the molecules that facilitate PCBs’ ability
to pass from blood to breast milk. The other molecular
properties including lipophilicity, molecular diameter
and weight, and the number of attached halogens ap-
peared to be less determinative for the PCB partitioning
between blood and milk [9].

The SHAP analyses revealed less important impacts
of PCB-156, PCB-180 and PCB-118 on the PCB-138 be-
haviour patterns in milk samples. The pollutants belong
to non-dioxin-like/indicator congener group (-138,-153
and —180) and toxicologically relevant PCBs (-118 and
—156), which elicit aryl hydrocarbon receptor-mediated
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biochemical and toxic responses and resist in the food
chain. Minor negative functional dependency was ob-
served between PCB-153 and the elevated levels of low-
chlorinated congeners (PCB-52 and PCB-28), which are
more volatile and susceptible to metabolic breakdowns
and excretion.

Numerous studies reported that POPs are eliminated
from the body during the breastfeeding, which results
in the lower levels of the pollutants in the breast milk of
multipara. In addition, it has been usually reported that
the milk of elder mothers contained higher concentra-
tions of organochlorine xenobiotics [10]. As indicated
by low SHAP values approaching zero, in this study, no
significant influences of the mother’s age and parity on
the PCB-153 patterns was recorded (Fig. 3). For predic-
tion of the POPs bioaccumulation in breast milk, the
exposure routes including dietary habits, residential and
working environment as well as the mother’s childhood
nursing history should deserve more attention in future
research.

4. CONCLUSION

The health burden of organochlorines in breast milk
represents an issue of global concern because of the
POPs adverse impacts on human health, particularly
sensitive sub-populations such as women and children.
In this study, we presented promising explainable ar-
tificial intelligence methodology (XGBoost and SHAP)
with the aim to investigate the organochlorine patterns
as well as the PCB-138 dependence on the mother's age
and child delivery. According to the results, similarly
structured molecules, which belong to both non-dioxin-
like/indicator congener group (-28, —52, —180) and tox-
icologically relevant PCBs (-118, —189, -156) as well as
p.p’-DDT metabolite (p,p-DDE) have impacts on PCB-
138 distribution. No significant functional dependencies
of the PCB-138 patterns and the maternal age and par-
ity was observed suggesting that the impacts of dietary
habits and health burden POPs in the residential and
working environment should be more investigated in
the future. The herein applied analyses could serve as a
promising methodology for future epidemiological in-
vestigations and human health protection.
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Fig. 4. PCB-138 SHAP summary.
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