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Abstract

Quantum technologies have created new opportunities for biomedical research through advances in sensing, molecular mode-
ling, computational analysis, and the study of complex biological processes. Despite encouraging experimental results, current evi-
dence does not establish consistent clinical superiority over optimized conventional or hybrid methodologies. Near-term progress
is therefore more likely to result from rigorous scientific evaluation and responsible clinical translation than from the wholesale
replacement of established medical practice.

This opinion article critically examines the present capabilities and limitations of quantum technologies in medicine. Particular
attention is given to quantum sensing, longitudinal clinical assessment, personalized interpretation of laboratory measurements,
artificial intelligence, interoperability, ethical governance, and regulatory oversight. These subjects are considered as complemen-
tary areas of scientific investigation rather than components of a proposed technological implementation.

Emerging methods may eventually provide clinicians and researchers with additional information about physiological variation
and disease-related change. However, their clinical value must be demonstrated through reproducible research, independent vali-
dation, transparent evaluation, and measurable improvements in patient outcomes. Responsible advancement will require realistic
expectations, protection of patient autonomy and privacy, multidisciplinary collaboration, and continued adherence to the princi-
ples of evidence-based medicine.
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Introduction

The Promise and the Evidence Gap

Quantum technologies are frequently described as potentially
transformative tools for medicine and biomedical research [1]. Their
foundational principles may enable highly sensitive measurement,
specialized molecular simulation, and new forms of computational
analysis. These capabilities have generated considerable scientific
interest as well as speculation regarding their possible effects
on future healthcare. A critical review of the available evidence,
however, indicates that broad clinical transformation is not
yet imminent [2]. Most practical advances continue to involve
experimental or hybrid quantum-classical methodologies, and
systematic reviews have not demonstrated consistent superiority
of quantum approaches over optimized conventional methods
across healthcare applications [3].

The mathematical foundations of quantum mechanics were
established during the early twentieth century and continue
to support modern developments in quantum sensing and
computation [4]. Nevertheless, present-day quantum computers
remain within the noisy intermediate-scale quantum era, in which
hardware limitations, error rates, scalability, and error correction
remain substantial technical challenges [5-7]. Overstatement
of near-term clinical impact may misdirect research resources,
generate unrealistic expectations, and weaken public trust.
Scientific evaluation should therefore distinguish demonstrated
capabilities from theoretical possibilities and early experimental
findings from validated clinical benefit.

The future of precision medicine is unlikely to depend upon
a single technological breakthrough. Progress will more plausibly
be supported by continuing advances across several established
and emerging disciplines, including laboratory medicine, medical
imaging, computational modeling, artificial intelligence, biomedical
sensing, and digital health infrastructure [8,9].

Each discipline contributes a different perspective on biological
function and disease. Their clinical relevance should be evaluated
according to reproducibility, diagnostic value, effects on clinical
decision-making, patient safety, and measurable outcomes.
Emerging technologies should complement established medical
methods only when sufficient evidence supports their use.

Artificial intelligence is already being investigated for its ability
to recognize patterns within complex and longitudinal clinical
datasets, including applications in tissue repair and regenerative
medicine related to pediatric and congenital heart surgery [9].
Similarly, laboratory medicine increasingly acknowledges that
serial measurements may provide information that is not apparent
when an isolated result is compared only with a broad population
reference interval.

These developments support continued research into
individualized clinical assessment while preserving the importance
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of patient history, physical examination, diagnostic testing,
physician judgment, and established standards of care. The
relevant scientific question is not whether quantum technologies
will replace conventional medicine, but whether applications
can demonstrate sufficient validity and clinical utility to justify
responsible translation into practice.

Achieving that objective will require rigorous prospective
investigation, data  exchange, transparent
computational evaluation, cybersecurity safeguards,
governance, regulatory oversight, and sustained collaboration
among clinicians, scientists, engineers, healthcare organizations,
and public agencies.

standardized
ethical

Quantum Sensing

Quantum sensing has demonstrated the ability to detect subtle
physical phenomena under controlled experimental conditions.
Technologies based on nitrogen-vacancy centers in diamond
and related quantum measurement methods have expanded the
capacity to investigate magnetic, molecular, and cellular processes
that may be difficult to observe using conventional instrumentation
[10].

These developments are scientifically significant, but most
biomedical applications remain within laboratory research or early
translational investigation. Their clinical relevance must therefore
be established independently rather than inferred from analytical
sensitivity alone.

A sensor’s ability to detect a subtle physical signal does not
necessarily establish diagnostic accuracy, clinical usefulness, or
improved patient outcomes. Appropriate evaluation must address
specificity, reproducibility, biological variability,
technical limitations, comparative performance, cost, accessibility,

sensitivity,

and effects on clinical decision-making.

The most plausible near-term role of quantum sensing is as
a potential complementary source of scientific or physiological
information. Conventional laboratory testing, diagnostic imaging,
physiological monitoring, pathology, and clinical examination
remain supported by extensive evidence and established standards
of practice.

Quantum sensing methods should therefore be compared with
existing technologies under defined conditions. Clinical translation
should occur only when a particular application demonstrates
meaningful advantages, acceptable risk, reproducible performance,
and practical value within patient care.

3.3. Longitudinal Clinical Assessment

Many physiological and pathological changes develop
progressively rather than appearing as isolated events. Longitudinal
assessment can therefore provide clinically relevant information by
showing whether a patient’s measurements remain stable, fluctuate
predictably, or depart from an established pattern.
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Research  involving hematological and  biochemical
measurements suggests that individuals may maintain relatively
stable physiological set points over extended periods [11]. This
observation has encouraged further scientific evaluation of
patient-specific trends and within-person biological variation.
Serial physiological parameters, including oxygenation and related
wellness markers, have also been examined in observational cohort

settings [12,13].

Longitudinal assessment should not be interpreted as an
independent diagnostic mechanism. Rather, serial measurements
may provide additional context when evaluated together with
symptoms, medical history, physical findings, diagnostic imaging,
medication use, environmental influences, and other clinically
relevant information.

The recognition of an unusual trend may support further clinical
investigation, but it does not by itself establish disease, prognosis,
or an appropriate intervention. Analytical error, temporary illness,
hydration, diet, exercise, medication changes, and other factors
may affect repeated measurements and must be considered during
interpretation.

Personalized Interpretation of Laboratory
Measurements

Routine complete blood count and comprehensive metabolic
panel results are generally interpreted using population-based
reference intervals. These intervals remain essential to laboratory
medicine because they provide standardized comparisons derived
from defined reference populations.

Population intervals necessarily encompass biological
differences among individuals. As a result, a measurement may
remain within a conventional reference range while differing
substantially from an individual patient’s prior pattern. Conversely,
a result outside a population interval may not always indicate

clinically significant disease.

Recent research has examined personalized reference intervals
and individual homeostatic set points as possible supplementary
methods for evaluating serial laboratory measurements [11,14,15].
Age- and sex-specific reference intervals provide one practical
illustration of moving beyond purely population-based ranges
[16]. Such methods seek to characterize within-person variability
without eliminating the continued use of established population-
based ranges.

Artificial intelligence and statistical analysis may assist
researchers in examining longitudinal laboratory datasets.
Investigated variables include prior measurements, analytical
variation, age, sex, physiological conditions, and relationships
among multiple biomarkers [17-21].

Multivariable analysis may also help researchers examine
patternsthatarenotapparentwhenlaboratoryvaluesare considered
separately. However, the reliability of any analytical method
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depends upon the quality, completeness, representativeness, and
clinical context of the underlying data.

Published investigations suggest that within-person variation
may be narrower than variation observed across a population for
certain hematological and biochemical measurements [11,14,15].
This finding supports continued scientific investigation into
personalized laboratory interpretation, but it does not establish a
universally applicable method for diagnosis or treatment.

[llustrative laboratory markers discussed in the literature
include hemoglobin, creatinine, platelets, neutrophils, eosinophils,
alanine aminotransferase, aspartate aminotransferase, albumin,
C-reactive protein, and fasting glucose. The degree of stability and
clinical relevance of an individualized range may differ by marker,
patient, analytical method, health status, and observation period.

Personalized interpretation should therefore be regarded as
an area of clinical and laboratory research. Before widespread
adoption, proposed methods require prospective validation,
comparison with established practice, transparent statistical
reporting, evaluation across diverse populations, and evidence that
their use improves clinical outcomes.

Quantum sensing and longitudinal laboratory interpretation
represent separate but potentially complementary areas of
scientificinquiry. At present, evidence remains insufficient to define
a standard clinical method that combines them or to conclude that
their combined use is superior to validated conventional practice.

Future research may examine whether information obtained
from emerging sensing technologies provides clinically useful
context when evaluated alongside established laboratory, imaging,
and physiological measurements. Such research should focus
on scientific validity and clinical utility without presupposing a
particular technological configuration or model of implementation.

Clinical Translation and Personalized Care

The continued evolution of precision medicine is likely to
depend upon careful evaluation of multiple scientific disciplines
rather than reliance on any single emerging technology. Advances
in laboratory medicine, biomedical computational
modeling, artificial intelligence, medical imaging, and digital health
infrastructure each contribute unique scientific perspectives that
may improve understanding of human physiology and disease

[8,9,17].

sensing,

Evidence-based clinical translation should emphasize scientific
rigor, reproducibility, transparency, and patient safety. Emerging
technologies should be evaluated according to their demonstrated
clinical utility and their ability to complement established standards
of care rather than replace existing diagnostic or therapeutic
methodologies.

Artificial intelligence continues to be investigated as a means
of assisting clinicians in recognizing meaningful patterns within
complex clinical datasets, including applications relevant to tissue
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repair and regenerative medicine in pediatric and congenital
heart surgery [9]. Likewise, longitudinal laboratory assessment,
biomedical sensing, and computational analysis remain active areas
of investigation that may contribute additional clinical context
when interpreted alongside patient history, physical examination,
diagnostic imaging, and physician judgment.

As healthcare continues to advance toward increasingly
individualized models of care, future research should focus on
determining which combinations of validated clinical information
provide measurable improvements in diagnostic accuracy, patient
safety, and clinical outcomes. Such investigations should remain
grounded in prospective validation, transparent methodology,
independent and

replication, regulatory oversight before

widespread clinical adoption.

Importantly, no single scientific discipline currently provides a
complete representation of human physiology. Continued progress
will therefore depend upon multidisciplinary collaboration
among clinicians, laboratory scientists, engineers, computational
researchers, healthcare organizations, and regulatory agencies
working together to evaluate emerging scientific advances through
objective evidence rather than technological expectation.

Emerging computational methodologies should therefore be
viewed as complementary analytical tools rather than autonomous
clinical decision makers. Laboratory measurements, imaging
findings, physiological monitoring, symptoms, medical history,
medication use, environmental factors, and physician assessment
must continue to be interpreted together within established
standards of clinical care.

Healthcare organizations should also recognize that
improvements in interoperability, data quality, standardized
terminology, laboratory harmonization, and coordinated clinical
communication may yield substantial benefits independent of
advances in quantum technologies. Continued scientific evaluation
should therefore balance innovation with careful assessment of

practical clinical value.
Challenges and Limitations

Although quantum technologies continue to advance rapidly,
most proposed medical applications remain within laboratory
investigation or early translational research [22]. Significant
scientific, engineering, regulatory, and economic challenges must be
addressed before widespread clinical adoption can be considered
[23].

Current hardware limitations, computational scalability, error
correction, infrastructure requirements, specialized expertise,
and implementation costs remain substantial barriers. Equally
important, relatively few prospective clinical studies have
demonstrated meaningful improvements in patient outcomes
when compared with established evidence-based medical practice
[24,25].

3.7. Ethical, Regulatory and Governance Considerations

Copyright© Antonio F Corno MD

The increasing availability of high-resolution physiological
measurements, advanced computational analysis, and large-scale
clinical datasets presents important ethical, legal, and regulatory
responsibilities. Protection of patient privacy, informed consent,
transparency, equitable access, cybersecurity, and responsible
stewardship of healthcare data should remain central principles
throughout future scientific development [26].

Artificial intelligence and other computational methods should
be implemented within transparent and accountable clinical
governance structures. Their outputs should be regarded as
supportive sources of information that assist qualified healthcare
professionals rather than independent mechanisms for diagnosis
or treatment.

Regulatory oversight will remain essential as emerging
technologies continue to mature. Future evaluation should
emphasize reproducibility, prospective validation,
algorithmic transparency, independent verification, post-market
surveillance, and internationally recognized standards for patient
safety [27].

clinical

As quantum computing and related technologies evolve,
cybersecurity strategies must also adapt to address future
computational  capabilities protecting
infrastructure, patient records, and biomedical
information. Ongoing collaboration among clinicians, scientists,

while healthcare

sensitive

engineers, cybersecurity specialists, ethicists, regulators, and
healthcare organizations will be necessary to ensure that scientific
innovation proceeds responsibly while maintaining public trust.

Ultimately, the responsible advancement of emerging medical
technologies should be guided by scientific evidence, ethical
governance, clinical accountability, and measurable improvements
in patient outcomes rather than by technological novelty alone
[28,29].

Conclusion

Quantum technologies represent an important and rapidly
evolving area of scientific investigation with potential applications
across numerous fields of biomedical research. Although
encouraging progress has been achieved in quantum sensing,
computational and related disciplines,
technical, clinical, and regulatory challenges remain before

widespread clinical adoption can be justified [30].

science, substantial

Current evidence supports continued scientific investigation
than premature implementation.
research should emphasize rigorous experimental validation,
reproducibility, transparent methodology, independent verification,
and measurable improvements in patient outcomes before new
approaches are incorporated into routine healthcare [31].

rather clinical Future

Continued progress will depend upon multidisciplinary
collaboration among clinicians, laboratory scientists, engineers,
computational researchers, ethicists, regulatory organizations,

and healthcare institutions. Such collaboration will be essential for
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establishing scientific standards, ensuring patient safety, protecting
privacy, and maintaining public confidence in emerging medical
technologies [32].

As biomedical science continues to evolve, individual
advances should be evaluated on their own scientific merit and
according to accepted principles of evidence-based medicine.
The ultimate contribution of any emerging technology will be
determined through careful investigation, objective evaluation, and

demonstrated clinical benefit.

The purpose of this opinion has been to examine the current
scientific evidence surrounding quantum technologies in medicine,
identify promising directions for future research, and encourage
responsible scientific inquiry. Continued investigation will
determine which technologies ultimately prove to be clinically
valuable and how they may appropriately contribute to future

medical practice.
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