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APPLICATION OF THE crAIRsis AI-BASED FRAMEWORK FOR 
THE ANALYSIS OF PCB-170 IN HUMAN BREAST MILK

Abstract: 
Breast milk is a reliable, non-invasive matrix for monitoring internal exposure 
to polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCPs), 
particularly in vulnerable populations such as infants. Ongoing monitoring 
studies underscore the need for a deeper understanding of the distribution 
and health impacts of these persistent organic pollutants. Although artificial 
intelligence (AI) has been widely applied across scientific disciplines, its use in 
environmental exposure analysis, particularly in biological matrices like breast 
milk, remains limited. This study investigates the distribution of PCB-170, a 
highly chlorinated and toxicologically relevant PCB congener, and identifies 
key predictive factors using an advanced AI-based framework. The analysis was 
performed using the crAIRsis platform, which integrates ensemble machine 
learning algorithms, metaheuristic optimisation, and explainable AI methods 
such as Shapley additive explanations (SHAP) and Shapley additive global 
importance (SAGE). This approach enables the modelling of complex, non-
linear relationships between variables. Breast milk samples from 186 mothers 
in Zadar, Croatia, were analysed for 17 PCB congeners and 7 OCPs. The most 
influential predictors of PCB-170 levels were PCB-180, PCB-153, and PCB-
138, indicating strong co-behaviour and likely shared exposure pathways. 
These congeners showed relative SHAP impacts ranging from -40% to over 
60%. Demographic variables, including maternal age and birth order, had 
minimal influence, with SHAP impacts below 10%. The study demonstrates 
the dominant role of higher-chlorinated PCBs in shaping internal burdens 
and highlights the value of explainable AI in environmental health research. 
The crAIRsis framework offers a robust, transferable methodology for human 
biomonitoring and evidence-based exposure assessment.

Keywords: 
Human Biomonitoring, Polychlorinated Biphenyls, Machine Learning, 
Metaheuristics, Explainable Artificial Intelligence.

INTRODUCTION

Human milk is a dynamic, bioactive fluid that provides essential 
nutrients, immune protection, and bioactive compounds crucial for 
infant development and lifelong health. Its composition varies accord-
ing to maternal and infant health, diet, and environmental factors, ren-
dering it a form of personalised nutrition. Research into human milk 
contaminants has expanded since the 1950s, with DDT first detected 
in 1951 and its metabolites subsequently identified in nearly all tested 
samples globally. Later surveillance efforts have focused on persistent 
organic pollutants (POPs), including organochlorine pesticides (OCPs), 
polychlorinated biphenyls (PCBs), dioxins, organophosphate pesticides,  
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bisphenols, and polycyclic aromatic hydrocarbons—li-
pophilic chemicals that accumulate in fatty tissues due 
to their stability and resistance to degradation. Their 
presence in breast milk leads to prolonged infant ex-
posure, posing risks such as endocrine disruption, neu-
rodevelopmental effects, and immune dysfunction. As 
POPs emerged as a global concern, biomonitoring ini-
tiatives broadened in scope, revealing temporal trends in 
legacy pollutants [1] [2] [3]; however, the understand-
ing of pollutant co-occurrence and interrelationships 
remains limited. 

Whilst explainable artificial intelligence (XAI) 
has been widely applied [4], its integration into envi-
ronmental research, and its potential to enhance un-
derstanding of pollutant dynamics in environmental 
matrices, remains largely unexplored or frequently mis-
interpreted. Recently, Huang et al. [5] introduced an in-
novative approach to assessing chemical exposure risks 
in breastfeeding infants using an explainable machine 
learning (ML) model. By integrating ensemble resam-
pling and advanced feature selection techniques, their 
framework enhances predictive accuracy in identifying 
high-risk chemicals such as POPs. A key innovation 
lies in the use of Shapley additive explanations (SHAP), 
which quantify the contribution of individual features—
in this case, chemical properties—to the model’s pre-
dictions. This approach improves the understanding of 
molecular factors that influence the transfer of high-risk 
compounds into human milk and supports more tar-
geted risk mitigation strategies. By identifying molecular 
fragments linked to high-risk chemicals, the focus shifts 
from general chemical properties to specific molecular 
features, thus advancing the field of lactation toxicol-
ogy. Building on our earlier research [6] [7] [8], which 
employed ML techniques to investigate dependencies 
among OCP and PCB congeners in mothers’ milk, this 
study focuses specifically on PCB-170. This highly chlo-
rinated and toxicologically relevant congener has gained 
attention due to its persistence, bioaccumulative proper-
ties, and distinct distribution patterns in environmental 
and biological matrices.

In this study, we employed a comprehensive AI 
framework developed within the crAIRsis project [9], 
which autonomously conducts all stages of the analysis 
[10] [11]. The objective was to identify the factors influ-
encing PCB-170 distribution in breast milk and evalu-
ate its potential as a predictive marker for broader PCB 
exposure assessments. The framework integrates seven 
ensemble regression models selected for their robust 
predictive power and generalisation performance. In the 
subsequent phase, each model is systematically evalu-

ated using 25 metaheuristic optimisation algorithms to 
fine-tune the hyperparameters of the best-performing 
models and improve predictive accuracy. Model per-
formance is assessed using a suite of evaluation metrics 
tailored to the specific problem type—classification or 
regression. Once the optimal model is identified, the 
framework proceeds to the interpretation phase by in-
corporating XAI techniques to quantify the contribu-
tion of each predictor, both locally and globally, thereby 
ensuring transparency, interpretability, and actionable 
insights throughout the analytical workflow. Modelling 
results are complemented by interactive visualisations 
that facilitate exploration and interpretation of model 
behaviour.

Although the primary aim of this paper is to charac-
terise the distribution of PCB-170, the broader ambition 
of this research is to demonstrate a flexible and robust 
analytical framework applicable to a wide range of en-
vironmental modelling challenges. By combining ML, 
metaheuristics, and XAI, the proposed approach offers a 
transferable methodology that supports evidence-based 
decision-making and strengthens the effectiveness of 
human biomonitoring strategies.

2.	 METHODOLOGY

Sample collection and chemical analysis of PCBs 
and OCPs

Breast milk samples were collected between 2014 
and 2019 from 186 healthy mothers (primiparae, 
secundiparae, and multiparae – third delivery), aged 
19 to 41 years, residing in the Zadar region, Croatia. 
Participants reported no history of accidental or oc-
cupational exposure to persistent organic pollutants. 
Detailed sampling protocols have been described previ-
ously [6] [12]. Chemical analysis of PCBs and OCPs fol-
lowed established procedures outlined in earlier studies 
[13] [14] [15]. The analysis focused on six indicator PCB 
congeners (IUPAC numbers: 28, 52, 101, 138, 153, 180), 
chosen due to their prevalence in technical mixtures, the 
environment, and biological tissues. Additionally, eleven 
toxicologically relevant congeners (IUPAC numbers: 
60, 74, 105, 114, 118, 123, 156, 157, 167, 189, 170) were 
included in the analysis.

Data analysis

The data analysis, with PCB-170 as the target vari-
able, was carried out using the crAIRsis framework, a 
modular and automated AI-based platform that inte-
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grates advanced machine learning, metaheuristics, and 
explainable artificial intelligence techniques. At its core, 
the framework incorporates seven ensemble regression 
algorithms: AdaBoost, CatBoost, ExtraTrees, Gradient 
Boosting, Histogram Gradient Boosting, LightGBM, 
and XGBoost [16] [17] [18] [19]. These algorithms were 
selected for their proven ability to capture complex, 
non-linear patterns and their robustness against overfit-
ting. Each model was evaluated using five-fold cross-val-
idation, ensuring generalisability and minimising bias. 
Based on the evaluation metrics—specifically R-squared, 
mean absolute error, mean squared error, and others—
the three best-performing models were selected for fur-
ther optimisation. To enhance predictive accuracy, the 
hyperparameters of these top models were fine-tuned 
using the Sine Cosine Algorithm and Harris Hawks Op-
timisation metaheuristic methods [20] [21]. These ap-
proaches efficiently explore the hyperparameter search 
space and have demonstrated strong performance in 
solving complex, non-convex optimisation problems in 
machine learning contexts. Once the final model was 
selected, explainability and interpretation were under-
taken using SHAP and SAGE. SHAP quantifies the in-
fluence of each input feature on individual predictions, 
providing a detailed understanding of model behav-
iour at the instance level [22], whereas SAGE evaluates 
feature importance by aggregating their contributions 
across the entire dataset, thereby identifying variables 
with the strongest overall impact on model performance 
[23]. o support interpretation, we further derived rela-
tive and normalised SHAP values and introduced a 
categorical framework referred to as inherent SHAP 
values. Relative SHAP values express the proportion of 
a feature’s absolute SHAP value in relation to the total 
attribution for a given prediction, offering insight into 
the feature’s contextual importance. Normalised SHAP 
values, scaled to the expected model output, simplify the 
interpretation of impact magnitudes. Inherent SHAP 
values were used to group SHAP effects into interpret-
able categories, whereby high negative impacts were 
defined as those falling below the mean of all negative 
SHAP values. All these methods contribute to enhanced 
model transparency and facilitate the interpretability 
of complex relationships between input variables and 
the target outcome. To gain a deeper understanding of 
feature interactions and group-level behaviour, cluster 
analysis was applied to the SHAP values. Dimensional-
ity reduction was performed using Pairwise Controlled 
Manifold Approximation [24], followed by clustering 
using Hierarchical Density-Based Spatial Clustering of 
Applications with Noise (HDBSCAN) [25] [26]. This 

stage enabled the identification of patterns, subgroups, 
and outliers within the dataset based on model behav-
iour.

The crAIRsis framework automates all key stages, 
including model training, evaluation, optimisation, ex-
planation, and visualisation of both raw data and results, 
offering a robust and transferable methodology for envi-
ronmental data modelling. All outputs, including evalu-
ation metrics, feature contributions, and visualisations, 
are automatically generated and structured for subse-
quent interpretation and reporting.

3.	 RESULTS AND DISCUSSION

Monitoring of POPs in human milk in Croatia dates 
back to the 1970s, primarily focusing on the assessment 
of PCB and OCP levels and their temporal trends. Our 
previous studies and review [2] [12], centred mainly 
on monitoring efforts, revealed a consistent decline in 
p,p’-DDE, HCB, β-HCH, and PCBs from 1976 to 2019, 
largely attributed to regulatory restrictions introduced 
under the Stockholm Convention since the 1990s. As 
previously reported [2] [12], within the dataset used 
for this study, compounds from the DDT group—par-
ticularly p,p’-DDE—were the most prevalent, followed 
by PCB-153, PCB-138, PCB-180, β-HCH, PCB-118, 
γ-HCH, HCB, PCB-156, and PCB-170, in decreasing 
order. The least abundant compounds included PCB-
28, PCB-105, and PCB-60. Detailed descriptive statis-
tics and comparisons with other studies have also been 
documented previously.

Our pioneering research, aimed at gaining a more 
precise understanding of the levels, interrelations, and 
associations of PCBs and OCPs in human milk with 
maternal factors such as age and parity, employed ma-
chine learning techniques. In Jovanović et al. [6], the 
Guided Regularised Random Forest (GRRF) algorithm 
identified key factors influencing POP levels, revealing 
strong non-linear relationships among pollutants and 
the complexity of their pathways in breast milk. The 
model achieved prediction errors below 30% and cor-
relation coefficients exceeding 0.90 between predicted 
and observed values.

Building on this, Jovanović et al. [8] applied ad-
vanced machine learning methods—XGBoost and 
SHAP—to investigate PCB-138 interactions with other 
non-dioxin-like congeners, maternal age, and parity, 
identifying PCB-170 and PCB-153 as key drivers of 
PCB-138 behaviour in milk samples and promising tar-
gets for further research.
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The ExtraTrees model, optimised using the Sine 
Cosine Algorithm (SCA), demonstrated strong predic-
tive performance for PCB-170, achieving an R² of 0.9125, 
RMSE of 0.7354, and MAPE of 0.3234, indicating high 
accuracy and a substantial proportion of explained vari-
ance in predicted concentrations. The most influential 
variables in predicting PCB-170 concentrations were 
PCB-180, PCB-153, and PCB-138, all of which exhib-
ited significantly higher importance scores than other 
predictors (Figure 1). These three congeners dominated 
the model’s output, indicating strong associations and 
potential co-behaviour patterns with PCB-170. While 
this may reflect similarities in chemical structure and 
possible overlap in exposure sources or metabolic path-
ways, such patterns do not necessarily imply a shared 
origin or an increased tendency for bioaccumulation. 
Rather, the observed co-behaviour suggests that these 
congeners may be influenced by related biological or 
environmental factors that shape their distribution in 
human milk [27][28]. Among the other variables, PCB-
156, p,p’-DDE, and PCB-118 also contributed to the 
model, though with notably lower impact values. In 
contrast, factors such as birth order, maternal age, and 
certain OCPs (e.g. β-HCH, p,p’-DDT) showed minimal 
influence, suggesting a limited role in explaining PCB-
170 variability within the analysed dataset.

Figure 2 presents SHAP dependence plots illus-
trating the relative impact of PCB-180, PCB-153, and 
PCB-138 on the prediction of PCB-170 concentrations. 
By applying a clustering approach to the SHAP values, 
we identified distinct groups of variable impacts, each 
representing a specific cluster that highlights how key 
factors influence the biological and exposure-related 

context affecting PCB-170 levels. These clusters are 
shown in different colors on the plot, and individual 
samples (represented as dots) are colored according to 
the cluster to which they belong. A more in-depth ex-
ploration of these patterns lies beyond the scope of this 
study. Across all plots, a clear monotonic relationship 
is observed between each specific congener and PCB-
170, with higher concentrations of each predictor corre-
sponding to an increased contribution to the predicted 
PCB-170 level. The strongest relative impacts, up to 60% 
for PCB-138 and PCB-153, and up to 40% for PCB-180, 
are associated with mid-to-high concentration ranges of 
PCB-153 and PCB-180, suggesting that these congeners 
play a dominant role in shaping the modelled PCB-170 
dynamics. Marginal effects remain stable within low-
concentration ranges but exhibit greater variance and 
influence as values increase, particularly for PCB-153. 
This indicates that interactions with other features are 
not fully disentangled, which could potentially be ad-
dressed by expanding the dataset, both in terms of sam-
ple size and inclusion of additional relevant variables. 
These patterns further support the notion of strong co-
behaviour and likely shared exposure pathways among 
higher-chlorinated PCBs in the analysed population. 
Moreover, in the lower concentration range of the 
dominant predictors, negative contributions to PCB-170 
prediction are also observed (with relative impacts of 
up to -40%), indicating that, in certain breast milk sam-
ples, the co-occurrence of these compounds at observed 
concentration levels is associated with reduced PCB-170 
levels. This may reflect competitive metabolic pathways, 
differential accumulation patterns, or individual differ-
ences in exposure and elimination dynamics.

Figure 1. Global feature importance based on SAGE values. Normalized SAGE values [%]  
were provided as numbers within or next to the bars
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The analysis indicates that maternal age has minimal 
influence, with SHAP values distributed closely around 
zero across the entire age range (Figure 3, upper panel), 
suggesting that, within the present dataset, age does not 
significantly contribute to the prediction of PCB-170 
levels. In contrast, birth order exhibits slightly greater 
variation in its impact, particularly among mothers 
with three children (Figure 3, lower panel). Although 
the overall relative influence remains modest, there is 
a slight tendency towards higher predicted PCB-170 
concentrations in multiparous women. Older moth-
ers are generally subject to greater cumulative exposure 
to POPs, whereas parity is often associated with lower 
POP levels, as breastfeeding facilitates the reduction of  
maternal body burdens. This was demonstrated in a 

Norwegian study, where age was positively associated 
with POP concentrations, while increased parity corre-
lated with lower levels [29]. More recent research, in-
cluding a study involving over one thousand primipa-
rous women in the Czech Republic, found that maternal 
diet before and during pregnancy influenced PCB levels 
in breast milk, whereas body weight and age at delivery 
had no significant effect [27].  Nevertheless, the effect 
size of maternal age and parity is substantially smaller 
than that of chemical predictors related to concentration 
levels, suggesting their limited apparent role in shap-
ing internal PCB-170 burden. This likely reflects insuf-
ficient characterisation of maternal status, highlighting 
the need for additional variables that capture physiologi-
cal and exposure-related factors more comprehensively. 

Figure 2. Relative SHAP impacts of the most important variables PCB-180, PCB-153 and PCB-138 on PCB-170 dynamic
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4.	 CONCLUSION

This study demonstrated the effectiveness of the 
crAIRsis AI-based framework in modelling and en-
hancing the understanding of PCB-170 distribution in 
human breast milk. By combining ensemble machine 
learning algorithms, metaheuristic optimisation, and 
explainable AI, the framework provided more transpar-
ent, data-driven insights into the complex, non-linear 
relationships between PCB-170 and its predictors. The 
results identified PCB-180, PCB-153, and PCB-138 as 
the most influential variables, indicating strong co-be-
haviour and likely shared exposure pathways with PCB-
170. Moderate contributions were observed from other 
chemical compounds such as PCB-156 and p,p’-DDE, 
while demographic factors, maternal age and birth or-
der, exerted minimal influence, suggesting that direct 
chemical exposures play a dominant role in shaping 
PCB-170 concentrations. Beyond supporting the role of 
higher-chlorinated congeners, this work illustrates the 
potential of an automated and interpretable framework 
for environmental data analysis and human biomoni-
toring. Future research will build on these findings by 
conducting a more detailed evaluation of all included 
variables, exploring potential interactions and non-lin-
ear effects. In addition, clustering of SHAP values will be 

systematically integrated into the interpretation phase to 
identify subpopulations with distinct exposure profiles. 
Finally, the methodology offers a transferable tool for 
evaluating exposure to persistent organic pollutants and 
supporting evidence-based health risk assessments.
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Figure 3. Relative SHAP impacts of the mothers age and birth order on PCB-170 dynamic
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