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Kratak sadr`aj

Laboratorijska medicina prolazi kroz radikalnu transfor-
maciju podstaknutu kontinuiranim tehnolo{kim inova-
cijama, promenama u demografskoj strukturi radne snage, 
sve ve}om slo`eno{}u dijagnostike i rastu}im sistemskim 
pritiscima u okviru sistema zdravstvene za{tite. Savremene 
klini~ke laboratorije su postepeno pre{le iz uloge jedinica 
koje pru`aju prete`no tehni~ke usluge u visoko integrisana 
klini~ka ~vori{ta koja obra|uju velike koli~ine podataka, 
generi{u}i i tuma~e}i informacije klju~ne za dono{enje 
velikog dela medicinskih odluka. Istovremeno, stalni 
nedostatak kvalifikovanog kadra, sve ve}i administrativni 
i regulatorni zahtevi, rastu}e ranjivosti u pogledu 
sajber-bezbednosti, kao i brzo uvo|enje automatizacije 
i ve{ta~ke inteligencije (VI), redefini{u profesionalne 
uloge, potrebne kompetencije i organizacione strukture. 
Ovaj li~ni osvrt ima za cilj da sumira vode}e strukturne 
i sistemske trendove koji trenutno oblikuju laboratorijsku 
medicinu, uklju~uju}i odr`ivost radne snage i nedostatke 
u obuci, kontinuirano {irenje i stratifikaciju dijagnosti~kih 
ispitivanja, promenljivo optere}enje zaraznim bolestima i 
antimikrobnu rezistenciju, kao i ubrzano uvo|enje auto-
matizacije i dijagnosti~kih procesa podr`anih ve{ta~kom 
inteligencijom. Tako|e se razmatraju novi rizici, poput 
sajber-napada usmerenih na zdravstvenu infrastrukturu 
i sve ve}eg administrativnog optere}enja koje uti~e 
na rad laboratorija. Svi ovi faktori zajedno ukazuju na 
potrebu za prilagodljivim modelima upravljanja, otpornim 
laboratorijskim sistemima i ja~anjem klini~ke orijentacije 
stru~njaka u laboratorijskoj medicini.

Klju~ne re~i: laboratorijska medicina, evolucija, budu}-
nost, automatizacija, integracija, ve{ta~ka inteligencija
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Summary

Laboratory medicine is undergoing a radical trans-
formation, driven by sustained technological innovation, 
shifting workforce demographics, increasing diagnostic 
complexity, and mounting systemic pressures within health-
care delivery systems. Contemporary clinical laboratories 
have progressively transitioned from predominantly 
technical service units into highly integrated, data-intensive 
clinical hubs that generate and interpret information 
central to a large proportion of medical decisions. In paral-
lel, persistent shortages of qualified personnel, escalating 
administrative and regulatory demands, growing cyber-
security vulnerabilities, and the rapid integration of 
automation and artificial intelligence (AI) are redefining 
professional roles, required competencies, and organi-
sational structures. This personal overview aims to 
summarise the leading structural and systemic trends 
currently reshaping laboratory medicine, including work-
force sustainability and training gaps, the continuous 
expansion and stratification of diagnostic testing, the 
evolving burden of infectious diseases and antimicrobial 
resistance, and the accelerating implementation of 
automation and AI-supported diagnostic workflows. It 
further addresses emerging risks such as cyberattacks 
targeting healthcare infrastructure and the progressive 
administrative overload affecting laboratory activities. 
Collectively, these factors highlight the need for adaptive 
governance models, resilient laboratory systems, and 
reinforced clinical orientation of laboratory professionals. 
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2 Lippi: The evolving landscape of laboratory medicine

Introduction

Laboratory medicine has gradually evolved 
from a predominantly technical and support-oriented 
service into a fully recognised clinical discipline, 
responsible for transforming analytical data into 
interpretable, decision-relevant medical information 
(1). Rather than functioning as a passive testing 
service (the so-called »jukebox« model, where 
the system merely plays back requested tests on 
demand) for clinician-initiated requests, the modern 
clinical laboratory actively contributes to diagnostic 
reasoning, therapeutic stratification, longitudinal 
disease monitoring, and broader population health 
management strategies (2). This paradigm shift has 
been eased by continuous advances in automation, 
digitalisation, information systems integration, 
centralisation of services, and adoption of high-
throughput analytical platforms, all of which have 
substantially reshaped laboratory organisation, 
workflow design, and professional responsibilities 
(3).

Notwithstanding these technological and 
organisational advances, the essential mission 
of laboratory medicine remains unchanged, i.e., 
supporting accurate, timely, and clinically meaningful 
decision-making that ultimately improves patient 
outcomes (2). However, the operational and health-
care context in which this mission is pursued has 
become increasingly complex and challenging. 
Modern clinical laboratories function within health 
systems characterised by sustained increases in test 
utilisation, growing analytical and interpretative 
complexity, constrained human resources, and 
accelerating cycles of technological innovation (4). 
These pressures are compounded by heightened 
expectations regarding efficiency, quality assurance, 
turnaround time, cost containment, and regulatory 
compliance (5, 6).

Within this evolving landscape, laboratory 
professionals are required not only to maintain 
analytical excellence, but also to assume expanded 
roles in clinical consultation, data interpretation, 
quality governance, and interdisciplinary commu-
nication (Table I). 

Accordingly, this article provides a personal 
overview of the major converging trends 
influencing laboratory medicine today and in the 
foreseeable future, with particular emphasis on 
workforce dynamics, technological transformation, 
organisational restructuring, and governance 
challenges. It outlines their implications for the 
future professional identity of the discipline and its 
strategic positioning within the healthcare systems.

Professional roles and evolving competencies

The specialist in laboratory medicine has 
gradually evolved from a predominantly analytically 
oriented expert into a multifunctional clinical 
professional integrating diagnostic, interpretative, 
managerial, and consultative responsibilities within 
complex healthcare systems (7). Core duties 
now extend beyond test performance to include 
the organisation and governance of laboratory 
services, oversight of routine and emergency 
testing pathways, and implementation, validation, 
and continuous evaluation of emerging diagnostic 
methodologies (7). A central element of this 
expanded role is the dual framework of analytical and 
biological validation. Analytical validation ensures 
that laboratory methods meet predefined technical 
performance specifications, including accuracy, 
precision, and reproducibility, whereas biological 
validation contextualises laboratory results within 
the patient’s clinical status, physiological variability, 
and pathological framework (7). This interpretative 
function increasingly positions laboratory specialists 
as active contributors to diagnostic reasoning 
and clinical decision-making rather than passive 
providers of numerical data (3).

In parallel, biomedical laboratory scientists 
and laboratory technicians have experienced a 
substantial broadening of their professional scope, 
now encompassing responsibility across the entire 
diagnostic testing continuum. Their work includes 
critical pre-analytical processes, recognised as 
the most error-prone phase, as well as instrument 
operation, calibration, maintenance, quality assu-
rance, and technical validation of results. In-

Table I Evolution of professional roles in Laboratory Medicine.

Feature Traditional Role Future-Oriented Role

Primary Focus Manual execution/Test 
performance Consultative/Interpretative and System Oversight 

Key Activity Technical service provision Clinical decision support and Data interpretation 

Skillset Analytical excellence Bioinformatics, workflow engineering & 
interdisciplinary comms 

Workflow Independent/Disconnected Interconnected & Integrated (Network-based) 

O
N

LI
N

E 
FI

R
ST



3J Med Biochem 2026; 45

creasingly, these professionals also contribute to 
biosafety management, workflow optimisation, and 
implementation of digital laboratory information 
systems (LIS) (8).

As a consequence, modern laboratory 
medicine is inherently dependent on structured 
interdisciplinary collaboration involving laboratory 
physicians, biomedical scientists, nursing staff, 
clinicians from multiple specialities, and information 
technology professionals (9). This integrated model 
is essential to ensure analytical reliability, operational 
efficiency, and the clinical relevance of diagnostic 
outputs across increasingly complex healthcare 
environments.

Workforce shortages and professional attrac-
tiveness
Across multiple healthcare systems, clinical 

laboratories are experiencing persistent and, in 
certain regions, progressively worsening workforce 
shortages, often characterised as a structural and 
»quiet« crisis. Evidence from international workforce 
analyses indicates sustained recruitment difficulties, 
reduced retention rates, and a narrowing pipeline 
of newly trained professionals entering the discipline 
(10, 11). The coronavirus disease 2019 (COVID-19) 
pandemic further exposed these vulnerabilities, 
especially in clinical microbiology and molecular 
diagnostics, where laboratories were required to 
maintain exceptionally high testing throughput 
amid staff depletion, supply chain instability, and 
increased occupational stress (10–13).

National and international data also highlight 
a persistent misalignment between available training 
capacity and actual entry into laboratory medicine 
careers. This discrepancy reflects broader issues 
related to professional visibility, career attractiveness, 
lower salaries, and perceived role definition. 
Among physicians, declining interest in laboratory 
medicine has been associated with limited early 
exposure during medical training, reduced direct 
patient interaction, and concerns regarding career 
progression within increasingly centralised or 
corporatised healthcare structures (13).

Similarly, among biomedical laboratory 
technologists, workforce instability is driven by 
declining application rates, incomplete enrollment 
of available training positions, and attrition between 
admission and program completion. Collectively, 
these factors contribute to a fragile, ageing 
workforce structure, raising concerns about long-
term sustainability (14).

This concerning evidence has led many 
experienced professionals who have witnessed the 
profound transformation of the laboratory medicine 
profession over the course of their careers to reflect 

critically on whether they would still have been 
attracted to the field in its current form (15). These 
trends also underscore the need to strategically 
reconsider training models, professional identity, 
and career pathways in laboratory medicine (7). 
In particular, they highlight the importance of early 
educational exposure, enhanced clinical integration, 
and improved recognition of the intellectual and 
clinical contributions of laboratory professionals in 
order to ensure long-term workforce resilience.

Expansion and diversification of diagnostic test-
ing

The global clinical diagnostics sector has 
undergone sustained expansion, reflecting an 
increasing dependence on laboratory-derived data in 
virtually all domains of modern medicine (16). Market 
analyses consistently demonstrate strong growth 
trajectories in laboratory services, driven by greater 
understanding of biological pathways, demographic 
ageing, rising prevalence of chronic diseases, and 
integration of advanced diagnostics into standard 
clinical care pathways (17). This expansion is 
paralleled by a continuous diversification of available 
tests, extending well beyond conventional clinical 
chemistry and haematology into highly specialised 
fields such as molecular diagnostics, genomics, 
immunoproteomics, infectious disease platforms, 
and decentralised point-of-care testing (POCT) and 
home-based testing models (18).

Infectious disease diagnostics provides a 
predominantly illustrative example of this expansion. 
The COVID-19 pandemic, alongside recurrent 
outbreaks of emerging pathogens such as Ebola 
and Andes viruses, has emphasised the critical role 
of laboratory medicine in early detection, real-time 
surveillance, and rapid public health response. The 
increasing frequency and complexity of zoonotic 
spillover events, where pathogens cross species 
barriers from animal reservoirs to humans, have 
further reinforced the centrality of diagnostic 
laboratories in global health security frameworks. 
These dynamics are influenced by environmental 
change, urbanisation, globalisation, and microbial 
evolutionary pressures, all of which contribute to a 
continuously evolving infectious risk landscape (19).

Antimicrobial resistance (AMR) represents 
an additional and growing challenge, with direct 
implications for laboratory practice (20). The 
increasing prevalence of multidrug-resistant 
organisms is associated with higher morbidity, 
mortality, and healthcare expenditures, necessitating 
highly responsive diagnostic systems that support 
antimicrobial stewardship initiatives (21). In this 
context, timely microbiological culture, susceptibility 
testing, and molecular resistance profiling are 
essential tools for guiding targeted therapy, 
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monitoring epidemiological trends, and informing 
national and international public health strategies 
(22).

Indeed, the COVID-19 pandemic has repre-
sented an unprecedented stress test for clinical 
laboratory systems worldwide, simultaneously 
revealing their intrinsic resilience and their structural 
fragilities (23). Clinical laboratories demonstrated 
remarkable adaptive capacity, rapidly developing, 
validating, and scaling molecular and serological 
assays under emergency regulatory pathways, often 
within compressed timelines previously considered 
incompatible with routine quality frameworks. 
This rapid response underscored the scientific and 
operational agility of laboratory medicine in the face 
of an evolving global health crisis (23). Concurrently, 
however, the pandemic exposed critical systemic 
weaknesses, including shortages of essential 
reagents, consumables, instrumentation and staff, as 
well as the inability of many existing infrastructures to 
absorb sustained, high-volume diagnostic demand 
(23). Workflow saturation, workforce fatigue, and 
limitations in laboratory information systems further 
compounded operational strain, revealing the 
dependence of diagnostic capacity on robust supply 
chains and digital infrastructure as much as on 
analytical expertise (24).

From a strategic perspective, several enduring 
lessons have emerged (23). First, laboratory systems 
require inherently resilient architectures that can 
scale rapidly without compromising analytical 
quality or turnaround time. Second, organisational 
models must incorporate flexibility, enabling 
dynamic redistribution of workloads across regional 
or national networks during periods of crisis. Third, 
diagnostic validation pathways must be optimised 
to ensure that speed of implementation does 
not undermine analytical rigor, emphasising the 
importance of pre-established emergency validation 
frameworks. Finally, the pandemic highlighted the 
need for stronger structural integration among 
clinical laboratories, hospital networks, and 
public health institutions (23). Such integration is 
essential for coordinated surveillance, real-time 
epidemiological monitoring, and evidence-based 
public health decision-making. These insights are 
directly applicable to future pandemic preparedness 
strategies and to the management of other large-
scale health emergencies requiring coordinated 
diagnostic responses (25).

Precision medicine, omics, and oncology vac-
cines

Recent advances in high-throughput molecular 
technologies have accelerated the transition of 
modern medicine from population-based paradigms 
toward increasingly individualised and stratified 

approaches (26). The expansion of genomics, 
transcriptomics, proteomics, and metabolomics 
has enabled a multidimensional characterisation 
of human disease, facilitating the identification 
of genetic predispositions, disease-specific 
molecular signatures, and pharmacogenomic 
profiles that inform therapeutic selection (27). 
Within this framework, laboratory medicine serves 
as a central enabling discipline, responsible for 
generating, validating, and clinically interpreting 
complex biological datasets that underpin precision 
diagnostics and targeted interventions.

In oncology, the convergence of next-
generation sequencing (NGS), computational 
biology, and immunological monitoring has led to 
the emergence of highly personalised therapeutic 
strategies, including cancer vaccines (28). RNA-
based neoantigen vaccines represent a particularly 
innovative approach, designed to induce robust and 
durable cytotoxic T-cell responses against tumour-
specific antigenic targets. Early clinical investigations, 
including in solid tumours such as pancreatic 
carcinoma, melanoma and lung cancer, have 
provided preliminary evidence of immunogenicity 
and potential clinical benefit. However, broader 
validation is ongoing (28). However, the successful 
development and implementation of such therapies 
rely heavily on advanced laboratory infrastructures. 
These include tumour genomic profiling platforms, 
bioinformatic pipelines for neoantigen identification, 
Good Manufacturing Practice (GMP)-compliant 
production workflows, and longitudinal immune-
monitoring assays to identify responders and 
prevent preventable side effects in those with 
blunted responses to these innovative treatments 
(28). Laboratory medicine is hence increasingly 
embedded within the entire translational continuum 
of oncology innovation, bridging molecular discovery 
and clinical application (29).

Automation, total laboratory automation, and 
integrated systems

The progressive integration of robotics, auto-
mation technologies, and total laboratory automation 
(TLA) has fundamentally redefined operational 
workflows in modern clinical laboratories (30). 
TLA systems integrate pre-analytical, analytical, 
and post-analytical phases through interconnected 
conveyor systems, robotic specimen handling, 
and middleware-driven process coordination. 
The primary objectives of these systems include 
increased efficiency, improved standardisation, 
reduced analytical error rates, and optimised 
turnaround times, particularly in high-throughput 
core laboratory environments (30).

Economic and market analyses indicate 
sustained global growth in laboratory automation 
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technologies, driven by rising diagnostic demand, 
persistent workforce shortages, and the need for 
scalable, high-reliability systems capable of managing 
large, heterogeneous test volumes (31). In context, 
many core laboratories have evolved into fully 
integrated platforms combining clinical chemistry, 
immunochemistry, haematology, and coagulation 
testing within unified automated ecosystems (32). 
Increasingly, these systems are being expanded 
to incorporate molecular diagnostics (33) and 
mass spectrometry (34), requiring advanced 
interoperability between instruments, robust data 
integration frameworks, and highly specialised 
operator competencies to manage hybrid analytical 
environments.

As automation advances, the professional 
role of laboratory personnel is undergoing a 
corresponding transformation. Routine manual 
activities are progressively replaced by higher-order 
functions, including system oversight, workflow 
engineering, quality governance, exception manage-
ment, and advanced data interpretation (6). This 
shift reflects a broader redefinition of expertise, in 
which cognitive and interpretative competencies 
become increasingly central relative to manual 
technical execution. Robotic phlebotomy is another 
rapidly expanding area that will require governance 
and oversight from laboratory professionals.

Consolidation and diagnostic networks

Laboratory consolidation, defined as the 
structural reorganisation of diagnostic services 
into larger centralised hubs serving multiple 
peripheral sites (spokes), has become a dominant 
organisational paradigm in many healthcare systems 
(35). Its primary objectives include improving 
operational efficiency, reducing redundant infra-
structure, and optimising resource utilisation. In its 
more recent evolution, consolidation has shifted 
from a purely centralised model toward distributed 
diagnostic networks, in which laboratories operate 
as interconnected nodes within integrated systems, 
often with defined areas of technical or clinical 
specialisation (36). These network-based models 
enable enhanced standardisation of analytical 
processes, improved harmonisation of quality 
assurance systems, and broader and more equitable 
access to specialised and high-complexity testing. 
By facilitating structured sample routing and data 
sharing across institutions, such configurations also 
support continuity of care and regional integration 
of diagnostic pathways (8).

Nevertheless, consolidation strategies require 
careful and context-sensitive implementation. 
Economic analyses indicate that while economies 
of scale are evident at lower to moderate volumes, 
they are not indefinitely expandable. Beyond a 

certain operational threshold, incremental gains in 
cost efficiency and diagnostic performance tend to 
plateau, suggesting diminishing returns of further 
centralisation (37). Moreover, excessive consolidation 
may introduce unintended consequences, including 
increased pre-analytical transport times, reduced 
availability of local interpretative expertise, and 
heightened systemic vulnerability in the event of 
infrastructure or IT failures (35). For these reasons, 
strategic planning in laboratory networks must 
extend beyond simple volume-based metrics and 
incorporate broader dimensions such as system 
resilience, geographic accessibility, integration 
with clinical workflows, and responsiveness to local 
healthcare needs.

Information technology, artificial intelligence, 
and human expertise

Contemporary clinical laboratories are in-
creasingly characterised as data-intensive environ-
ments in which IT systems and artificial intelligence 
(AI) applications play a central role in managing 
complexity, ensuring analytical quality, and 
supporting clinical interpretation (38). Within this 
framework, AI-based tools are being deployed 
across multiple domains, including automated 
image and signal analysis, detection of analytical 
anomalies in quality control processes, prediction 
of test demand and workload fluctuations, and 
decision-support systems to optimise test selection 
and result interpretation (39). Recent evaluations 
of large language models (LLMs), including GPT-4, 
have demonstrated high performance in structured 
diagnostic reasoning tasks and retrospective clinical 
case analyses. In controlled settings, these systems 
have shown diagnostic accuracy comparable to, 
and in some instances exceeding, that of human 
clinicians, including emergency medicine trainees, 
across a range of standardised clinical scenarios 
(40). Complementary studies and surveys further 
suggest that clinicians perceive LLM-based systems 
as potentially valuable adjuncts for clinical decision 
support, documentation assistance, and facilitation 
of communication across care transitions (41).

Despite these promising developments, the 
integration of AI into laboratory and clinical practice 
must be guided by appropriate epistemic and ethical 
caution. Experimental or retrospective diagnostic 
performance does not fully capture the complexity 
of real-world clinical environments, where contextual 
interpretation, accountability, ethical responsibility, 
patient values, and interprofessional communication 
remain essential components of decision-making.

Moreover, there is growing concern about the 
potential for cognitive and professional deskilling 
associated with excessive reliance on AI systems, 
especially when such tools are used as substitutes 
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rather than as augmentative tools (42). This includes 
the risk of »never-skilling« in new generations of 
laboratory professionals trained in AI-saturated 
environments, as well as the gradual erosion of 
advanced interpretative competencies among 
experienced specialists. These considerations 
underscore the need for deliberate educational 
and organisational strategies to preserve core 
clinical reasoning skills while integrating AI as a 
supportive rather than a substitutive technology. 
Beyond technical performance, the successful 
implementation of AI in laboratory medicine will 
require appropriate regulatory oversight, rigorous 
prospective clinical validation, and sufficient algo-
rithm transparency to allow meaningful interpretation 
of AI-assisted recommendations (38). Moreover, 
AI systems should not be regarded as static tools, 
but rather as technologies requiring continuous 
post-implementation monitoring to verify sustained 
analytical performance, identify unintended biases, 
and ensure safe integration into evolving clinical 
workflows.

Cybersecurity and digital resilience

The progressive digitalisation and intercon-
nectivity of LISs have elevated cybersecurity and 
data governance to core components of modern 
laboratory medicine (43). Large-scale analyses of 
healthcare cybersecurity incidents demonstrate 
that data breaches remain frequent and often 
severe, with hundreds of reported incidents 
annually affecting millions of patient records (44). 
A substantial proportion of these incidents involve 
ransomware attacks, which can disrupt hospital IT 
infrastructures, compromise electronic health record 
systems, and severely impair laboratory information 
systems (44).

In such scenarios, clinical laboratories are 
frequently among the most immediately affected 
operational units, as disruptions to specimen 
tracking, analyser interfacing, and electronic result 
reporting can rapidly compromise diagnostic 
continuity (43, 45). In severe cases, institutions 
are forced to revert to manual or hybrid workflows, 
significantly increasing turnaround times and 
operational complexity while maintaining urgent 
clinical service delivery (43, 45).

In response to these evolving threats, 
professional bodies and expert groups, such as 
the Task Force on Preparation of Laboratories for 
Emergencies (TF-PLE) of the European Federation of 
Clinical Chemistry and Laboratory Medicine (EFLM), 
have increasingly emphasised the importance 
of structured cybersecurity preparedness (46). 
Recommendations include implementing preventive 
cybersecurity practices, establishing formal incident 

response frameworks, designating dedicated 
response teams, and developing predefined 
contingency workflows to ensure continuity of 
essential diagnostic services during system outages. 
These measures are increasingly recognised as 
integral to laboratory quality management systems 
and overall healthcare resilience.

Bureaucracy, administrative burden, and burn-
out

In parallel with technological advancement, 
laboratory medicine professionals are facing a steadily 
increasing burden of administrative, regulatory, 
and bureaucratic responsibilities (2, 3). Across 
healthcare systems, surveys consistently indicate 
that clinicians dedicate a substantial proportion of 
their working time (often estimated at 40–60%) 
to non-clinical tasks such as documentation, 
regulatory compliance, reporting requirements, 
and administrative coordination (47). A significant 
proportion of physician burnout has been directly 
associated with this growing administrative workload, 
with large-scale surveys identifying bureaucratic 
burden as a leading contributing factor (48).

Within the laboratory environment, these 
non-analytical responsibilities encompass a broad 
range of activities, including data management 
for laboratory and hospital information systems, 
financial planning and cost accounting, procurement 
processes, infrastructure development, accreditation 
and external quality assessment requirements, as 
well as human resource management, scheduling, 
and performance evaluation (2). Although essential 
for regulatory compliance, patient safety, and 
institutional accountability, the progressive expansion 
of these tasks carries the risk of displacing time and 
cognitive resources from core clinical, interpretative, 
and scientific functions.

When combined with increasing workload 
intensity, shift-based working patterns, workforce 
shortages, and heightened expectations for rapid 
turnaround times and diagnostic accuracy, this 
administrative overload contributes to occupational 
stress, reduced professional satisfaction, and 
challenges in workforce retention. These factors 
collectively represent an important and often under-
recognised determinant of long-term sustainability 
in laboratory medicine (48). 

Communication as a core competency

Effective communication is an essential 
yet frequently underemphasised pillar of high-
quality laboratory medicine (49). Prior consensus 
frameworks on the evolution of the discipline have 
consistently identified communication (between 
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laboratory professionals and clinicians, across 
multidisciplinary teams, and, when appropriate, with 
patients) as a critical determinant of appropriate test 
utilisation, accurate interpretative understanding, 
and safe longitudinal patient management. In 
this context, communication encompasses both 
formalised, structured reporting systems and 
informal consultative interactions, requiring a 
synthesis of technical precision, clinical awareness, 
and advanced interpersonal competence (3). 

Enhancing communication pathways, poten-
tially supported by AI, could substantially reduce 
recurrent systemic inefficiencies in laboratory 
medicine, including inappropriate test ordering, 
misinterpretation of complex or context-dependent 
data, and fragmentation across diagnostic and 
therapeutic pathways (50). As diagnostic information 
becomes increasingly multidimensional and data-
intensive, the ability of laboratory professionals to 
translate complex analytical outputs into clinically 
meaningful, accessible, and actionable information 
is emerging as a key determinant of clinical utility 
and patient safety.

Governance, ethics, and future directions

The future evolution of laboratory medicine 
cannot be extrapolated solely from linear extensions 
of current trends, as it is increasingly shaped 
by discontinuous and nonlinear disruptions, 
including rapid technological innovation, scientific 
breakthroughs at the interface of biology and 
computation, economic instability, geopolitical 
uncertainty, and shifts in healthcare system 
organisation (51). Emerging domains such as 
synthetic biology, brain–computer interfaces, and 
increasingly autonomous artificial intelligence 
systems are expanding the conceptual boundaries of 
biomedical science, raising novel ethical, regulatory, 
and operational challenges that extend beyond 
traditional frameworks of laboratory governance. 

Within this evolving landscape, laboratory 
systems must be reconceptualised not as static 
infrastructural entities but as adaptive, learning-

oriented systems requiring continuous structural, 
technological, and organisational evolution (52). 
Although technological innovations, especially 
automation and AI, represent unavoidable and 
transformative forces, they cannot be perceived 
as self-regulating or self-correcting. Without 
robust governance structures, poorly managed 
implementation may contribute to additional 
fragmentation of services, inefficiencies in care 
delivery, inequities in access to diagnostics, and 
emergent patient safety risks (52). It should also be 
recognised that the future evolution of laboratory 
medicine is unlikely to follow a uniform trajectory 
worldwide. The adoption of advanced technologies, 
including automation, AI, and precision diagnostics, 
will necessarily reflect differences in healthcare 
resources, laboratory infrastructure, workforce 
availability, and national priorities. Accordingly, 
future strategies should remain sufficiently flexible 
to accommodate diverse healthcare settings while 
preserving the fundamental principles of quality, 
equity, and patient-centred care. In this framework, 
laboratory medicine retains its essential identity as a 
human-centred discipline: technologically enabled, 
but ultimately defined by professional responsibility, 
interpretative judgment, and its clinical mission 
within patient care systems (53).

Conclusion

Laboratory medicine is currently at a critical 
inflection point, marked by the convergence of 
multiple high-impact forces, including persistent 
workforce shortages, expanding diagnostic demand, 
rapid technological acceleration, increasing cyber-
security threats, and increasingly complex adminis-
trative and regulatory environments (Table II). Con-
temporary evidence highlights both the structural 
vulnerabilities and transformative potential embed-
ded within these trends, especially in relation 
to automation, AI, precision medicine, and the 
emergence of networked and consolidated diagnostic 
systems. The future trajectory of the discipline will 
depend on professionals’ and institutions’ capacity 
to shape these developments actively, rather than 
passively absorb them, ensuring that innovation 

Table II Converging trends and strategic implications.

Driving Trend Potential Risk Strategic Mitigation

Workforce shortages Fragile/Aging workforce Early education and professional visibility 

Cybersecurity threats Disruption of services Cybersecurity and contingency workflows

Administrative overload Burnout and cognitive displacement Administrative simplification and process 
optimisation

AI Integration Professional deskilling 
(»never-skilling«) Human-in-the-loop and augmentative training
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