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Preface

The promotion of scientific activities for the advancement of statistical sciences rep-
resents the defining element of the Italian Statistical Society’s (SIS) actions. Since its
inception, the society has grown in tandem with the rapid dissemination of quantitative
methods for data analysis across various fields of scientific research and social life. Since
the beginning, in the odd years the SIS promotes an International Specialized Statistical
Conference aimed at discussing the state of the art on a specific topic and to provide a
forum where academics, researchers, and practitioners can share experiences and discuss
present and future challenges of the topic.

The 2025 SIS Conference topic is Statistics for Innovation. Statistics is fundamental
to innovation, offering the tools to analyse data and uncover insights needed for informed
decision-making and strategic planning. Innovations in statistical methods and applica-
tions enhance our ability to gather and process vast amounts of data, thus effectively
leveraging knowledge. This leads to more informed strategies, fostering advancements
and breakthroughs across diverse fields and domains. Academics, researchers, doctoral
students, and professionals interested in deepening the role of statistics and data sci-
ence in fostering innovation in diverse fields (such as business, industry and finance,
technology, environment, health and medicine, official statistics, public policy, welfare
and social issues, etc.) have shared their activities during the Conference held at the
University of Genova from June 16 to June 18, 2025.

The event featured over 350 presentations, including 3 keynotes in the 3 plenary
sessions, 46 contributions in the 15 specialized sessions, 68 contributions in the 17 invited
sessions, and more than 240 spontaneous communications and posters, all addressing
specific themes related on Statistics for Innovations. The high number of contributions
and the significant participation in the conference demonstrate the desire to participate
in scientific events as venues for exchange and discussion on the new developments
in our field, a vibrant characteristic of our scientific community. A round table on the
challenges for statistical research from artificial intelligence and the constraint of data
protection was also organized, along with satellite events such as the 8th edition of the
hackathon ““Stats Under the Stars” during the night between June 15 and 16 and the
Sustainable, Accurate, Fair and Explainable Machine Learning (SAFE-ML) meeting on
June 19 in Pavia.

We would also like to thank for their presence the Royal Statistical Society (RSS),
the Institute of Mathematical Statistics (IMS), the European Network for Business and
Industry Statistic (ENBIS), and the Italian region of the International Biometric Society
(SIB — Societa Italiana di Biometria). Special thanks goes to the University of Genova
for endorsing and supporting the event, and to all the sponsors for their contributions:
Societa Italiana di Statistica, Universita degli Studi di Genova, Scuola di Scienze Sociali
(Universita degli Studi di Genova), Dipartimento di Scienze Politiche e Internazionali
(Universita degli Studi di Genova), Dipartimento di Economia (Universita degli Studi
di Genova), Dipartimento di Matematica (Universita degli Studi di Genova), Camera
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di Commercio di Genova, Fondazione CARIGE, RULEX, LegaCoop Liguria, Tatabox
Officina Studio, CNA Artigiani Imprenditori d’Italia - Liguria, Demetra Opinioni.net.
Furthermore, marking a first for SIS conferences, childcare services were provided
throughout the event thanks to the sponsorship of Fondazione Carige. This initiative
was implemented to enable colleagues with young children to fully participate in both
the conference sessions and the social events.

The high number of contributions has led to the production of four volumes based
on the types of sessions outlined in the scientific program. The first volume includes
the plenary, specialized and solicited sessions, and the other three volumes include
the spontaneous communications and posters. These volumes contain works, as usual
subjected to peer review, that the authors have agreed to publish, providing an updated
and comprehensive overview of innovations in statistical methods and applications.

The publication of these contributions was only possible thanks to the invaluable
efforts of several groups: the invited speakers for their valuable presentations, the authors
of the contributed papers, the program committee for the careful selection and structuring
of the program, the local organizing committee for the logistical management, and all
the reviewers for their fundamental evaluation work, which ensured the high quality of
the contributions.

This third volume presents a selection of contributions from authors who delivered
presentations during the contributed and poster sessions.

June 2025 Enrico di Bella
Editor and Chair of the Local Organizing
Committee, SIS 2025

Corrado Lagazio

Vincenzo Gioia

Editor and Member of the Local
Organizing Committee, SIS 2025

Susanna Zaccarin
Editor and Chair of the Scientific Program
Committee, SIS 2025
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Robust Differential Network Analysis
in Proteomics: Confounder Adjustment,
Biologically Informed Thresholding,
and Bootstrap Inference

Alessia Mapelli'>®_ Solene Cadiou', Emanuele Di Angelantonio!-3,

and Francesca leva!2

! Fondazione Human Technopole, Milan, Italy
alessia.mapelli@polimi.it
2 Politecnico di Milano, Milan, Italy
3 University of Cambridge, Cambridge, UK

Abstract. Differential network analysis has emerged as a powerful tool for iden-
tifying condition-specific changes in molecular interactions, particularly in high-
dimensional omics data. Traditional approaches, such as Fisher’s z-test and fixed-
threshold correlation methods, often struggle with noise, confounding effects, and
selecting an appropriate significance threshold. In this study, we present a novel
framework that integrates confounder adjustment, bootstrapped correlation infer-
ence, and biologically informed threshold selection to improve the robustness of
differential network analysis. We first validate our method using simulated data,
comparing its performance against existing approaches. Our results demonstrate
that our method better balances precision and recall, outperforming established
benchmarks such as DiffCorr. We then apply our framework to a case study inves-
tigating sex-specific differences in protein interaction networks. Our results high-
light the abilities of our approach to uncover meaningful molecular differential
interactions in complex biological systems.

Keywords: Differential network analysis - Biologically informed thresholding -
Noise-Resilient Correlation Estimation

1 Introduction

The advent of large-scale omics technologies, such as proteomics, has provided power-
ful tools for understanding the underlying cellular regulatory networks that govern com-
plex biological systems. By leveraging these high-dimensional datasets, researchers can
infer molecular interactions, uncover disease mechanisms, and identify key biomarkers.
Among various network-based approaches, correlation networks have been widely used
to reconstruct biological networks from high-throughput omics data [1]. In correlation-
based networks, biomolecules (e.g., proteins, genes) are represented as nodes, and their

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025
E. di Bella et al. (Eds.): SIS 2025, ISSSAS, pp. 445-450, 2025.
https://doi.org/10.1007/978-3-031-95995-0_74
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pairwise relationships, often measured via correlation coefficients, are depicted as undi-
rected edges. Such networks have been successfully applied to gene co-expression anal-
ysis, protein interaction mapping, and metabolic pathway reconstruction [2]. Despite
their utility, population-level network models often fail to capture context-specific vari-
ations in biological systems, such as those occurring in disease states. To address this
limitation, differential network analysis has gained increasing attention to investigate
alterations in connectivity patterns between two conditions (e.g., diseased vs. healthy)
[3]. By examining changes in correlation structures, these methods can identify dysregu-
lated pathways and pinpoint disease-specific regulatory mechanisms. Several computa-
tional approaches have been proposed to identify differential correlations in large-scale
omics datasets, with one of the most common methods being Fisher’s z-test for com-
paring correlation coefficients between two groups [4]. The construction of differential
correlation-based networks generally follows a systematic pipeline. First, the dataset is
divided into two subgroups based on the condition of interest (e.g., disease vs. control).
Next, the pairwise correlation coefficients between variables are computed using various
statistical methods. A hypothesis test, such as Fisher’s z-test, is then applied to assess
whether the correlation differs significantly between the two groups. The resulting p-
values are then compared to a predefined significance threshold (e.g., o = 0.01 or 0.05)
with appropriate multiple-testing correction [4]. Despite its conceptual simplicity, this
approach suffers from two major pitfalls that impact the robustness and reproducibility of
correlation-based differential analysis. First, high-throughput omics datasets are inher-
ently noisy, introducing biases in correlation estimates that can obscure true biological
relationships. Spurious correlations may inflate the number of false positives, thereby
reducing the statistical power of differential methods when multiple-testing correction is
applied. To mitigate this issue, an additional preprocessing step, where only significant
correlations are retained, is required to extract biologically meaningful relationships
within each group. A crucial aspect of this step is the selection of an appropriate corre-
lation threshold, as the chosen cutoff directly influences the network topology. Striking
a balance between retaining meaningful interactions and eliminating noise is essential
to performing reliable differential network analysis [5]. Second, systematic differences
between the two groups (e.g., age, sex, batch effects) can confound correlation esti-
mates, leading to spurious network structures that do not accurately reflect the effect of
the condition of interest. Without proper adjustment for these confounders, the inferred
differential network may capture their effects rather than accurately representing true
differences between conditions.

This work presents a novel framework for differential network analysis that inte-
grates robust non-parametric statistical tests, confounder adjustment strategies, and
adaptive thresholding techniques. Our method leverages the vast knowledge embedded
in biological databases, aligning inferred networks with prior biological information.
By combining data-driven network inference with existing biological knowledge, we
enhance the robustness and accuracy of the differential networks. We evaluate our app-
roach using both simulated and real proteomics datasets, demonstrating its effectiveness
in identifying biologically meaningful network perturbations and its applicability to
high-dimensional settings.
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2 Method

This study presents a novel approach to overcoming key challenges in correlation-
based differential network inference. To mitigate the impact of confounding factors, we
introduce a preprocessing step prior to the correlation computation. First, we examine
the association between the proteomics data’s principal components (PCs) and known
covariates commonly considered in the literature (e.g., age, sex, batch effects) to identify
the most relevant confounding factors. We focus on covariates that explain the majority
of the variation in the data and adjust for them using linear modeling. The residuals
from this adjustment are then split into two groups based on the condition of interest
(e.g., disease vs. control). These residuals serve as the input for correlation estimation,
ensuring that the inferred relationships are not biased by confounding factors. To guide
the selection of a biologically meaningful correlation threshold, we begin by extract-
ing the subset of proteins that are present in a reference database from the computed
correlation matrix. We then evaluate a range of correlation thresholds, converting the
correlation matrix into an adjacency matrix where proteins are connected by an edge
if their correlation exceeds the selected threshold. We assess how well the resulting
network aligns with the reference network for each threshold using Fisher’s exact test.
The threshold that yields the lowest p-value (indicating the highest agreement with the
reference network) is selected as the optimal cutoff for the correlation. This approach
ensures that the inferred network structure reflects established molecular interactions
as much as possible, thereby enhancing the robustness and reliability of the results [8].
Following the approach in [7], we further refine the data by removing the final princi-
pal components, which typically represent low-variance noise. This step helps prevent
the introduction of spurious correlations, ensuring that differential network inference
captures biologically meaningful variation rather than technical artifacts. To enhance
the stability of the correlation estimates, we implement a bootstrap procedure in which
the correlation is computed multiple times on random subsamples of the datasets. For
each iteration of the bootstrap algorithm, the pairwise correlations are stored, so that
each edge in the network is associated with a distribution of correlation values across
subsamples. We perform a Wilcoxon signed-rank test to determine whether the edges’
correlations exceed the bootstrap optimal threshold, computed as the median of those
stored. Considering a multiple-test correct threshold of 0.05, only significant edges are
retained, yielding a robust correlation network for each condition.

Once we have separately inferred the correlation network in the two conditions, the
final differential network is derived by comparing the distribution of correlation values
for each edge between the two conditions of interest. A two-sided Wilcoxon test is used
to assess significant differences in correlation distributions. Edges significantly different
between the two groups, either present in only one condition or exhibiting a strong shift
in correlation strength, are retained in the differential network.

3 Simulation Analysis

We assessed our method’s performance through simulations, comparing it to DiffCorr
[4], an R package based on Fisher’s z-test, and more straightforward fixed-threshold
correlation methods (Irl > 0.7, Irl > 0.5, Irl > 0.3) [9].
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Data were generated with 100 variables and 500 samples per condition, simulating
scale-free networks to mimic protein interactions, with added Gaussian noise to reflect
proteomics variability. Shared edges were retained as prior biological knowledge, while
true differential connections were defined as those differing between conditions. The
results of our simulation analysis are summarized in Table 1. Our approach outperforms
DiffCorr with a significantly improved precision (1 vs. 0.003) with only a modest trade-
off in recall (0.375 vs. 0.53). This leads to a substantially higher F1 score (0.545 vs
0.006), the method’s ability to detect meaningful differential correlations. Compared to
fixed-threshold correlation methods, our approach offers a better balance between pre-
cision and recall, avoiding the extremes of overly permissive or overly conservative cut-
offs. Our method optimally balances sensitivity and specificity by filtering noise, adapt-
ing thresholds based on biological knowledge, and accounting for confounders. This
highlights its advantage over existing differential network approaches and conventional
threshold-based correlation methods.

Table 1. Results of the simulation analysis.

Model Precision Recall F1
Proposed method 1 0.375 0.545
DiffCorr 0.003 0.53 0.006
Corr - 0.7 0.37 0.541 0.44
Corr - 0.5 0.014 0.833 0.028
Corr - 0.3 0.008 0.833 0.0153
Corr -0 0.008 0.833 0.016

4 Case Study

We applied our methodology to the INTERVAL cohort data to analyze differential protein
interaction networks between males and females. The INTERVAL study [6] is a large-
scale cohort of approximately 50,000 whole blood donors recruited between 2012 and
2014 as part of an open randomized pragmatic trial of varying blood donation intervals.
A case-cohort design selected 9,679 participants for plasma protein quantification using
the SomaScan platform V4.1, measuring 7,289 proteins.

Within this case study, we aimed to identify key regulatory proteins linked to sex-
specific biological processes and diseases. Using principal component analysis (PCA),
we examined protein abundance in relation to various demographic and anthropometric
measurements (such as age, BMI, and ethnicity) and technical factors (such as the time
between blood draw and processing). To control for confounders, we adjusted for the
most influential of them via the following linear regression model: protein ~ age + time
of processing + season of blood drawn + genetic principal components. Residuals from
this model were used for further analysis.
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Previous biological knowledge on protein-protein interaction was extracted from the
STRING database [7], which systematically collects and integrates data from multiple
sources, including automated text mining of the scientific literature and databases of
interaction experiments to define robust physical and functional interactions knowledge.
To ensure reliability, we filtered the interactions at a high-confidence threshold (0.70)
and mapped them to our dataset, resulting in a set of 5,189 proteins shared between
the two. Network inference was conducted separately for males and females using 11
bootstrap samples of 300 individuals each. We then performed differential network
analysis to identify diverse interactions between the two groups. The differential network
comprises 13,041,076 edges, representing 48% of all possible connections and indicating
substantial differences in protein interactions between females and males. This finding
aligns with existing literature reporting sex-specific variation in protein abundance; in our
dataset specifically, nearly 20% of proteins showed statistically significant associations
with sex. To identify the most influential proteins within the differential network, we
computed multiple centrality metrics (degree, eigenvector centrality, and PageRank) and
selected the top 1% of nodes with the highest average of these measures. We then merged
this set with the top 1% of nodes ranked by hubness, a measure of a node’s importance
for maintaining network connectivity. This approach yielded a final list of 63 proteins
that appear central to the sex-specific interactome differences. When used as predictors
in a logistic regression model, these proteins achieved an AUC of 71% in classifying
patient sex. This result suggests that differential network analysis can reveal potential
biomarkers and key regulators of sex-specific protein interaction patterns.

5 Discussion

High-throughput proteomics data present unique challenges for differential network
analysis due to inherent noise and confounding variable effects. Traditional multiple-
testing approaches struggle to maintain statistical power in this setting, leading to inflated
false positives and reduced sensitivity. We developed a robust differential network infer-
ence framework to address these limitations that integrates biologically informed correla-
tion thresholding, confounder adjustment, and non-parametric hypothesis testing. Addi-
tionally, our method leverages bootstrap resampling to enhance the stability and repro-
ducibility of network inference. Through a simple simulation study, we demonstrated that
our approach outperforms benchmark methods, improving specificity while maintaining
ahigher true positive rate. Moreover, the application to real proteomics data showcases its
practicality in extracting meaningful biological insights from high-dimensional datasets.
Despite these advancements, several challenges remain. Our method still depends on
setting the correlation threshold based on general biological knowledge, which may
introduce bias if the groups under study are not well represented in the broader popula-
tion. Our case study was designed to mitigate this using a balanced common scenario.
Additionally, the model has limitations in capturing complex conditional dependen-
cies between proteins, which may obscure subtle but biologically relevant interactions.
A promising direction for future work are Gaussian graphical models, which account
for conditional correlations rather than marginal associations. However, these models
introduce additional computational complexity and may struggle with the high dimen-
sionality of proteomics data. Balancing model interpretability, statistical power, and
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computational efficiency will be crucial in advancing differential network analysis for
high-throughput omics studies.
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