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Breast cancer (BC) remains a major global health
challenge, with metastases causing nearly 90% of
related deaths. Early and accurate prediction of
metastatic progression is crucial yet difficult due fo
its biological complexity. The present review com-
prehensively examines key experimental and compu-
tational models that have advanced our understanding
and prediction of BC metastasis. Traditional 2D cell
cultures, although widely used, provide limited predic-
tive insight. Conversely, patient-derived 3D organoids
are cutting-edge preclinical models for better replicat-
ing tumor microenvironments, enhancing therapeutic
prediction. Advanced microfluidic platforms demon-
strate predictive accuracies up to 96% by dynamically
stimulating tumor-stroma interactions. In vive mod-
cls, including patient-derived xenografts with engraft-
ment rates up to 57% in aggressive tumors, closely
mirror metastatic mechanisms linked to clinical out-
comes, while genetically engineered mouse models of-
fer reproducible systems for mechanistic studies. At
the forefront, new-generation artificial intelligence and
machine learning models integrate multi-omics, imag-
ing, and clinical data, achieving prediction accura-
cies from 74% to 87%, with some models reaching
87% overall accuracy and 93% precision in metas-
tasis risk stratification. Combining diverse mod-
els helps overcome limitations in understanding BC
metastasis and is crucial for accelerating research, im-
proving the detection of disease spread, and advanc-
ing targeted treatments for better patient outcomes.
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BREAST cancer (BC) represents a critical global health
challenge, notably prevalent in regions such as China,
the United States. and India, which together account for
one-third of the world’s BC burden!. According to the
latest 2025 GLOBOCAN data, BC is the most commonly
diagnosed cancer among women globally and ranks second
in overall cancer incidence when both sexes are considered.
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In India, BC is the leading cause of cancer-related mortality
reported in women. The country is projected to witness
around 232,832 new BC cases, with incidence and mortal-
ity rates steadily increasing due to factors such as delayed
diagnosis and underlying biological mechanisms, includ-
ing cellular and molecular signalling and key driving mu-
tations. Despite advances in awareness and screening, only
about 29% of cases are detected at early stages, contribut-
ing to poor clinical outcomes. This underscores the urgent
need for enhanced early detection, improved prediction of
metastatic progression, and development of personalised
treatment strategies.

As cancer therapy research advances, sophisticated
preclinical investigations leveraging diverse models are in-
creasingly important. Metastasis, a defining feature of BC
progression. poses a major clinical obstacle demanding a
comprehensive scientific understanding. Throughout tu-
morigenesis, the primary tumour cells undergo a series of
transformative events, facilitating migration and colonisa-
tion to distant anatomical sites®. This intricate process in-
volves refinement and selection of tumour cell phenotypes.
and these adaptive transitions ultimately result in the emer-
gence of a melastatic phenotype’. Tumor cells acquire
metastatic capabilities through genomic instability, com-
promised DNA integrity: and disrupted cell cyele regula-
tion. Extracellular matrix (ECM) remodelling and changes
in receptor and zene expression patierns characterise breast
tumour progression. influencing metastatic potential within
the tumour microenvironment (TME)”.

Utilising  interdisciplinary — approaches  such as
genomics and imaging, researchers have gained com-
prehensive insights into tumor behavior. Model selec-
tion varies depending on factors like tumour type, stage.
genetics. and research objectives’. Table 1 presents an
integrated comparison of multiscale models, highlight-
ing their complementary roles in studying BC metastz-
sis. This harmonisation of approaches underscores the
strengths and limitations of each model in mimicking dil-
ferent aspects of metastatic progression. Ongoing efforts
aim to develop more sophisticated models that mimic hu-
man tumour characteristics, advancing the boundaries of
cancer rescarch®, Understanding the nuanced global bur-
den of BC. particularly in South India. underscores the
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