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Abstract

This paper examines the economic dynamics underlying resource allocation de-
cisions in medical research and development, specifically analyzing the trade-off
between conventional diagnostic imaging technologies and emerging quantum sens-
ing approaches in oncological applications. Drawing upon capital theory and tech-
nology adoption frameworks, we investigate how institutional investors, pharma-
ceutical firms, and research institutions navigate the intertemporal choice between
incremental innovations in established imaging modalities and potentially trans-
formative but uncertain quantum-based diagnostic systems. The analysis reveals
that despite theoretical advantages in sensitivity and specificity, quantum sensing
technologies face substantial economic barriers including prohibitive development
costs, extended commercialization timelines, regulatory uncertainties, and limited
near-term market viability. We demonstrate that rational resource allocation under
uncertainty systematically favors continued investment in conventional imaging en-
hancement, with quantum technologies remaining confined to exploratory research
portfolios. The findings suggest that large-scale adoption of quantum diagnostic
technologies is economically implausible in the short to medium term, with impli-
cations for science policy and healthcare innovation strategy.
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1 Introduction

The allocation of research and development resources in the medical sector represents
one of the most consequential economic decisions with direct implications for popula-
tion health outcomes, industrial competitiveness, and technological progress. Within the
domain of oncological diagnosis, where early detection significantly influences survival
rates and treatment efficacy, imaging technologies constitute a critical frontier for innova-
tion investment. Contemporary portfolio managers and institutional decision-makers con-
front an increasingly complex choice architecture: continue refining established diagnos-
tic modalities such as magnetic resonance imaging, computed tomography, and positron
emission tomography, or redirect substantial resources toward nascent quantum sensing
technologies that promise unprecedented detection capabilities but carry considerable de-
velopmental and market risks.

The landscape of medical innovation is undergoing profound transformation driven
by frontier technologies that present both immense potential and significant challenges.
Frontier technologies including automation, robotics, artificial intelligence, electric vehi-
cles, and biotechnologies offer immense potential for advancing the 2030 Agenda, promot-
ing growth and environmental sustainability, while simultaneously presenting significant
risks of unemployment, underemployment, and increased income and wealth inequality
(United Nations, 2018). Innovation has historically served as the primary engine of eco-
nomic development and social progress, with comprehensive analysis demonstrating its
role in promoting economic and social development through empirical evidence and case
studies across different regions and development levels. However, the relationship be-
tween technological innovation and development remains complex, with technology and
competitiveness analysis showing that emerging economies continue to lag behind central
capitalist countries despite advancing in certain dimensions (Rodrigues and Costa, 2018).

Within this broader context of technological change, quantum sensing has emerged
as a potentially transformative approach to medical diagnostics, leveraging principles of
quantum mechanics to achieve measurement precision beyond classical limits. Quantum
technologies leverage quantum physics laws for performance advantages in applications
from computing to communications and sensing, with proposed applications in biological
science including improved microscopes and biosensors, enhanced simulations of molec-
ular processes, and novel capabilities for controlling biomolecule behavior and chemical
reactions (Mauranyapin et al., 2022). The field of quantum imaging has evolved substan-
tially over more than three decades since initial proof-of-concept experiments, standing
on the verge of demonstrating practical technological improvements in imaging and mi-
croscopy, promising highly efficient imaging in extreme spectral ranges and ultralow-light
microscopy (Gilaberte Basset et al., 2019).

Quantum sensing encompasses a class of measurement technologies that exploit quan-
tum mechanical phenomena such as superposition and entanglement to achieve sensitivi-
ties exceeding those possible with conventional instruments. In medical imaging applica-
tions, quantum-enhanced sensors could theoretically detect molecular signatures of ma-
lignancy at concentrations and spatial resolutions unattainable through current methods.
Proponents argue that such capabilities could revolutionize early-stage cancer identifi-
cation, fundamentally altering the trajectory of oncological care. However, the societal
implications of quantum technologies extend far beyond technical capabilities, requiring
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comprehensive preparation strategies that address demystification of unrealistic percep-
tions, contextualization through enabling socio-technical environments, stakeholder en-
gagement, flexible regulatory frameworks, and international quantum diplomacy (de Jong,
2022).

Critical analysis of quantum technology discourse reveals striking neglect of social di-
mensions in current research priorities. Comprehensive auditing of quantum technology
literature demonstrates that only a small fraction of technical publications address so-
cial implications, with equity, diversity, and inclusion frameworks completely absent from
both technical and non-technical abstracts (Wolbring, 2022). This gap between techno-
logical enthusiasm and social reality extends to economic considerations, where quantum
computing promises to revolutionize data processing exponentially faster than traditional
computers but raises profound questions regarding security, privacy, and economic trans-
formation, including breaking conventional encryption methods, enhanced data mining
and surveillance capabilities, and adaptation requirements across industries and labor
markets (Wheatley Research Consultancy, 2024).

The pathway from laboratory demonstration to clinical implementation involves nav-
igating substantial technical, regulatory, and market barriers that introduce profound
uncertainty into investment calculus. Social reflections on nanoscience and emerging
technologies emphasize the importance of engaging with discrete operations of molecular
sciences to evaluate how operations shape and are shaped by participatory culture prac-
tices and civil society, expanding through dimensions of history, public discourse, ecology,
and political economy (Ziilsdorf et al., 2011). These considerations apply equally to quan-
tum technologies, where the transition from academic research to practical deployment
requires careful attention to social, economic, and institutional constraints.

This paper develops an analytical framework for understanding the economic ratio-
nality underlying observed patterns in medical R&D allocation between conventional and
quantum diagnostic technologies. Rather than evaluating technical feasibility or clinical
efficacy per se, our focus centers on the structural economic factors that shape investment
decisions under conditions of technological uncertainty, asymmetric information, and in-
tertemporal trade-offs. The central thesis is that despite potential long-term advantages,
quantum sensing technologies present an unfavorable risk-return profile for near-term
commercial investment, leading rational actors to maintain predominant allocation to-
ward incremental innovations in established imaging platforms.

The analysis proceeds through several interconnected arguments. First, we char-
acterize the economic properties of medical R&D investment, emphasizing the role of
time horizons, discount rates, and uncertainty in shaping portfolio composition. Health-
care payment systems and value-based incentive structures fundamentally shape the eco-
nomic environment for medical innovation, with theory of value-based payment incentives
demonstrating that achieving improved value requires high-powered incentives directly
targeting improved care processes, enhanced patient experience, and achievable bench-
marks for improved outcomes (Conrad, 2015). Second, we examine the specific cost
structures, development timelines, and market barriers associated with quantum sensing
technologies, contrasting these with the comparatively predictable investment environ-
ment surrounding conventional imaging enhancement. Third, we analyze how market
structure, including the concentration of medical device manufacturers and the institu-
tional features of healthcare reimbursement systems, creates systematic biases against
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radical technological departures. Finally, we discuss the implications for both private in-
vestment strategy and public science policy, arguing that realistic expectations regarding
quantum technology adoption timelines are essential for efficient resource allocation.

Our contribution lies in applying economic reasoning to illuminate why, despite sub-
stantial public discourse around quantum technologies in medicine, actual capital flows
remain overwhelmingly directed toward conventional approaches. This pattern reflects
neither technological conservatism nor market failure, but rather rational responses to
fundamental economic constraints. Understanding these dynamics is crucial for develop-
ing evidence-based innovation policies that align public research investments with realistic
commercialization pathways while avoiding the misallocation of scarce resources to tech-
nologies with limited near-term practical viability. The analysis contributes to broader
discussions regarding national innovation systems and their implications for developing
countries, where managing change and complexity in economic development requires ad-
equate people preparation and knowledge base development for learning-intensive ap-
proaches (Gu, 1999).

2 The Economics of Medical R&D Investment

Investment in medical research and development exhibits distinctive economic characteris-
tics that fundamentally shape resource allocation patterns. Unlike manufacturing sectors
where capital deployment generates relatively predictable returns over defined time hori-
zons, medical R&D involves extended development cycles, substantial regulatory hurdles,
and profound uncertainty regarding both technical success and market acceptance. These
features create a complex decision environment where conventional discounted cash flow
analysis must incorporate multiple layers of contingent outcomes and path dependencies.

The pharmaceutical and medical device industries operate under capital structures
heavily weighted toward intangible assets, with R&D expenditures representing a form
of irreversible investment in knowledge capital. This irreversibility introduces option
value considerations into the timing of technology adoption, as premature commitment
to emerging technological platforms forecloses alternative development pathways while de-
laying commitment preserves flexibility. For diagnostic imaging technologies specifically,
the installed base of existing equipment, established training infrastructure, and stan-
dardized clinical protocols create substantial switching costs that amplify the required
performance differential for new technologies to achieve market penetration.

Portfolio theory suggests that rational investors diversify across technologies with vary-
ing risk-return profiles and temporal characteristics. However, the medical R&D context
introduces constraints that limit diversification benefits. Regulatory approval processes,
particularly for diagnostic devices requiring clinical validation studies, impose sequential
development stages that concentrate risk in early phases and extend the period before rev-
enue realization. The healthcare sector operates under complex incentive structures where
achieving improved value requires carefully designed payment mechanisms that directly
target improved care processes and create achievable benchmarks for enhanced outcomes,
with different forms of value-based payment adaptable to different market conditions and
organizational settings (Conrad, 2015).

Conventional imaging technologies benefit from established development pathways,
well-understood regulatory requirements, and existing market demand with defined reim-
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bursement structures. Incremental improvements in resolution, speed, or radiation dose
reduction follow relatively predictable cost-performance trajectories, allowing investors
to estimate returns with reasonable confidence. The accumulated experience base in
manufacturing, quality control, and clinical implementation reduces both technical and
commercial uncertainty, compressing the risk premium required by capital providers.

In contrast, quantum sensing technologies for medical applications remain largely in
exploratory research phases, with fundamental questions regarding manufacturability, re-
producibility, and integration with clinical workflows unresolved. Industry consortia have
identified various quantum computing applications, with case studies across automotive,
chemical, pharmaceutical, and insurance industries proposing application-centered ap-
proaches to industrialization based on demonstrated business impact, establishing bench-
mark problems and benchmarks to guide technological progress and commercialization
(Quantum Technology and Application Consortium — QUTAC, 2021). However, the path-
way from conceptual application to commercial viability in medical diagnostics requires
substantial development investment under conditions of profound uncertainty.

The absence of regulatory precedents for quantum-enhanced diagnostic devices intro-
duces additional uncertainty, as approval pathways, evidence requirements, and perfor-
mance benchmarks remain undefined. Market demand estimation becomes speculative,
as potential clinical users lack familiarity with quantum technologies and existing reim-
bursement frameworks provide no clear mechanism for capturing the value of enhanced
sensitivity or specificity. This contrasts sharply with the established regulatory and re-
imbursement landscape for conventional imaging modalities.

The role of discount rates in technology choice cannot be overstated. Private sector
investors typically apply higher discount rates to cash flows extending beyond five to
seven years, reflecting both the time value of capital and uncertainty premiums. Quan-
tum sensing technologies, with development timelines potentially spanning two decades
from laboratory demonstration to widespread clinical adoption, face severe present value
discounting even under optimistic scenarios regarding ultimate commercial success. This
temporal discounting systematically biases investment allocation toward shorter-horizon
projects with more certain outcomes, independent of the absolute magnitude of potential
long-term returns.

Furthermore, principal-agent problems within corporate R&D management reinforce
short-term orientation. Managers evaluated on observable performance metrics over three-
to-five year windows face career incentives to prioritize projects with near-term milestones
rather than long-gestation fundamental innovations. Institutional investors with quarterly
reporting requirements similarly prefer portfolios demonstrating tangible progress toward
commercialization over speculative commitments to technologies lacking clear paths to
market.

The structure of competitive dynamics in medical device markets introduces additional
considerations. Markets for diagnostic imaging equipment exhibit moderate concentra-
tion, with several established manufacturers possessing substantial market power and
installed base advantages. These incumbents face strategic choices between defending
existing product lines through incremental innovation and pursuing radical technological
shifts that could cannibalize existing revenue streams. Standard industrial organization
theory suggests that dominant firms have limited incentives to pursue innovations that
undermine the value of their current capital stock and customer relationships, favoring
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instead performance improvements that extend existing technology lifecycles.

Academic and public research institutions, while potentially less constrained by com-
mercial considerations, face resource limitations and institutional pressures that influence
technology selection. Funding agencies increasingly emphasize translational research with
clear pathways to societal impact, creating pressure to demonstrate feasibility and appli-
cability within grant cycles. The growing emphasis on research metrics and citations
may bias investigators toward areas with established communities and visible publication
opportunities rather than high-risk exploratory work in nascent fields.

These economic fundamentals collectively create an investment environment that sys-
tematically favors conventional diagnostic imaging technologies over quantum alterna-
tives, independent of the relative technical merits. Understanding this structural bias is
essential for interpreting observed resource allocation patterns and designing policies that
might alter these dynamics if deemed socially desirable. The challenges parallel those
observed in broader technology adoption contexts, where information technology use in
production has strongly influenced productivity and economic growth in industrialized
and newly industrialized countries, while developing countries have neither invested in
nor benefited from these investments to the same extent, creating risk of information-
based division between rich and poor countries (Pohjola, 2001).

3 Quantum Sensing Technologies in Medical Diagno-
Sis

Quantum sensing represents a class of measurement technologies that exploit quantum
mechanical phenomena to achieve sensitivities exceeding classical physical limits. In the
medical diagnostic context, various quantum sensing modalities have been proposed for
detecting molecular biomarkers, imaging tissue microstructure, and identifying metabolic
signatures associated with oncological processes. The theoretical foundation rests on prin-
ciples such as quantum entanglement, which enables correlated measurements that reduce
statistical noise, and quantum superposition, which allows simultaneous interrogation of
multiple quantum states.

The field of quantum imaging has evolved substantially over more than thirty years
since initial proof-of-concept experiments. Recent assessments suggest the field stands
on the verge of demonstrating practical technological improvements in imaging and mi-
croscopy, promising highly efficient imaging in extreme spectral ranges and ultralow-light
microscopy, with careful analysis of use case scenarios, technological requirements, and
necessary developments for practical and commercial application evaluating both quan-
tum benefit and prospects for practical use in the near future (Gilaberte Basset et al.,
2019). Quantum biotechnology more broadly leverages quantum physics laws for perfor-
mance advantages across applications from computing to communications and sensing,
with proposed biological applications including improved microscopes and biosensors, en-
hanced simulations of molecular processes, novel capabilities for controlling biomolecule
behavior and chemical reactions, and predicted quantum effects with functional benefits
in biology such as more efficient energy transport and improved enzymatic catalysis rates
(Mauranyapin et al., 2022).

Among the most discussed applications for oncological diagnosis are quantum-enhanced
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magnetic resonance systems utilizing nitrogen-vacancy centers in diamond or atomic vapor
cells as ultra-sensitive magnetometers. These devices could theoretically detect magnetic
fields generated by cellular metabolic processes or molecular configurations characteris-
tic of malignant transformation at concentrations far below the detection limits of con-
ventional imaging. Similarly, quantum-enhanced optical imaging approaches employing
squeezed light or entangled photon pairs promise improved signal-to-noise ratios in deep
tissue imaging, potentially enabling earlier detection of tumor angiogenesis or cellular
morphological changes.

From an economic perspective, several features of quantum sensing technologies war-
rant careful analysis. First, the capital requirements for initial technology development are
substantial. Quantum sensors typically require specialized fabrication facilities, ultra-low
temperature environments, precise electromagnetic shielding, and sophisticated control
electronics. The infrastructure costs associated with prototype development and testing
often exceed those for comparable conventional imaging systems by an order of magni-
tude or more. These upfront investments must be made under conditions of high technical
uncertainty, as fundamental questions regarding sensor stability, reproducibility, and scal-
ability remain open research questions.

Second, the operational requirements of quantum sensors introduce complexity that
translates directly into cost structures and adoption barriers. Many quantum sensing
modalities require cryogenic cooling systems, ultra-high vacuum chambers, or magnet-
ically shielded environments that are incompatible with typical clinical settings. The
maintenance and operational expertise required to sustain quantum sensor performance
introduces ongoing costs and restricts deployment to specialized facilities with appropriate
technical infrastructure. Unlike conventional imaging modalities that have evolved toward
increasingly user-friendly interfaces and robust operation, quantum sensors remain highly
sensitive to environmental perturbations and require expert oversight.

Third, the pathway from laboratory demonstration to clinical deployment involves
multiple stages of validation, each consuming resources and time. Initial proof-of-concept
studies demonstrating quantum advantage in controlled settings must be followed by engi-
neering development to create clinically viable prototypes, followed by extensive validation
studies to establish sensitivity, specificity, and reproducibility under realistic operating
conditions. Regulatory approval requires demonstrating safety and efficacy through for-
mal clinical trials, a process that for novel diagnostic modalities can extend across many
years and consume hundreds of millions in investment.

The temporal dimension of quantum technology development deserves particular em-
phasis. Current quantum sensing demonstrations for medical applications remain primar-
ily confined to academic laboratories, with publication of proof-of-concept results repre-
senting the extent of progress. The transition from laboratory curiosity to commercially
available medical device typically spans fifteen to twenty-five years for genuinely novel
diagnostic modalities. This extended development timeline reflects not merely bureau-
cratic obstacles but fundamental challenges in achieving the reliability, reproducibility,
and ease-of-use required for routine clinical deployment.

Industry perspectives on quantum computing applications acknowledge both oppor-
tunities and challenges across multiple sectors. Analysis of quantum optimization in busi-
ness analytics identifies significant opportunities for revolutionizing analytics through en-
hanced data processing capabilities, advanced algorithms, and solutions for complex opti-



Medical R&D Investment Trade-offs W. S. A. Ramos

mization problems, while simultaneously highlighting major challenges including technical
limitations, cost, accessibility, and integration problems (Mudhol, 2024). Comprehensive
surveys of quantum computing for finance applications frame problems as combinato-
rial challenges across cybersecurity, materials and pharmaceuticals, banking and finance,
and advanced manufacturing, noting that despite considerable scientific and engineering
progress, substantial challenges remain (Herman et al., 2022).

Market barriers compound these technical and developmental challenges. Healthcare
reimbursement systems, which determine the economic viability of diagnostic technolo-
gies, evolve conservatively and require substantial evidence demonstrating clinical util-
ity and cost-effectiveness. Novel diagnostic modalities must demonstrate that improved
sensitivity or specificity translates into meaningful changes in patient management and
outcomes sufficient to justify additional costs. For quantum sensing technologies with
anticipated price premiums potentially reaching several multiples of conventional imaging
costs, achieving favorable coverage determinations presents formidable challenges.

The competitive landscape introduces further complications. Conventional imaging
technologies continue to advance along established improvement trajectories, incremen-
tally enhancing resolution, reducing acquisition times, and lowering radiation exposure.
These ongoing improvements in incumbent technologies raise the performance thresh-
old that quantum alternatives must exceed to justify adoption, creating a moving target
for technology developers. Furthermore, the substantial installed base of conventional
imaging equipment generates network effects and compatibility requirements that new
technologies must accommodate, adding layers of complexity to market entry strategies.

The training and human capital requirements associated with quantum technologies
represent another often-overlooked barrier to adoption. Clinical personnel must develop
familiarity with new technologies to integrate them effectively into diagnostic workflows.
The specialized knowledge required to operate and interpret results from quantum sen-
sors exceeds that for conventional imaging, necessitating extended training programs and
potentially limiting the pool of qualified users. This human capital constraint compounds
the market entry challenge and extends adoption timelines.

Synthesizing these considerations, quantum sensing technologies for medical diagnosis
exhibit economic characteristics that dramatically increase investment risk and extend
expected return horizons relative to conventional approaches. While the potential for
performance advantages exists, the pathway to realizing this potential involves navigating
a sequence of technical, regulatory, and market challenges, each introducing uncertainty
and requiring substantial capital commitment. These features systematically disadvantage
quantum technologies in resource allocation decisions driven by conventional investment
criteria.

4 Intertemporal Trade-offs and Market Structure

Resource allocation decisions in medical R&D fundamentally involve intertemporal trade-
offs between near-term and long-term objectives. Investment directed toward incremen-
tal improvements in conventional technologies generates relatively certain returns over
defined horizons, while commitment to radical innovations such as quantum sensing in-
volves accepting extended periods of capital consumption with uncertain ultimate payoffs.
Understanding how decision-makers navigate this trade-off illuminates observed patterns
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in technology investment.

The standard framework for analyzing intertemporal choice under uncertainty empha-
sizes the role of discount rates in collapsing future value streams to present equivalents.
Higher discount rates penalize distant payoffs more severely, tilting decisions toward near-
term alternatives. In the medical device sector, effective discount rates applied to R&D
projects typically range from ten to fifteen percent annually, reflecting both the opportu-
nity cost of capital and risk premiums associated with technical and commercial uncer-
tainty. Under such discount rates, cash flows expected twenty years hence contribute min-
imally to present value calculations, creating strong bias against long-gestation projects.

Consider a stylized comparison between two investment alternatives: enhancing an ex-
isting MRI platform to achieve modest improvement in resolution through conventional
engineering, versus developing a quantum-enhanced sensor offering superior resolution but
requiring two decades to achieve clinical deployment. Even if the quantum alternative
promises superior ultimate performance, the extended development timeline and associ-
ated uncertainties may render its risk-adjusted present value inferior to the conventional
approach. This numerical reality, rather than technological conservatism, drives observed
investment patterns.

The structure of uncertainty differs qualitatively between incremental and radical in-
novation pathways. Conventional imaging enhancement involves primarily engineering
uncertainty, where the technical challenges are well-understood and success probabilities
can be estimated based on extensive historical experience. Quantum sensing develop-
ment involves fundamental scientific uncertainty, where key questions regarding physical
behavior, scalability, and integration remain unresolved. Decision theory suggests that
individuals and organizations exhibit greater aversion to ambiguous uncertainties with un-
known probability distributions than to well-characterized risks, further disadvantaging
quantum approaches.

Recent comprehensive assessments of quantum optimization challenges and oppor-
tunities emphasize that while quantum computers are demonstrating capacity to solve
problems beyond classical brute-force simulation, prominent classes of optimization prob-
lems in combinatorial, convex, non-convex, and stochastic extensions remain open ques-
tions, highlighting the importance of benchmarking with clear metrics for appropriate
comparisons with classical optimization techniques (Abbas et al., 2024). These findings
underscore the premature nature of commercial quantum technology deployment across
most application domains, including medical diagnostics.

Portfolio management considerations introduce nuance to the pure option value per-
spective. Diversification across technological approaches can provide insurance against
unexpected obstacles in any single pathway while positioning organizations to capitalize
on breakthrough developments. However, effective diversification requires that portfolio
components exhibit relatively low correlation in their risk factors. Quantum and conven-
tional imaging technologies may actually exhibit positive correlation in certain dimensions,
as both ultimately target the same clinical applications and face common regulatory and
market challenges, limiting diversification benefits.

The market structure for medical diagnostic equipment profoundly influences innova-
tion trajectories and technology adoption patterns. Medical imaging represents a moder-
ately concentrated industry dominated by several large multinational corporations pos-
sessing substantial market power, established distribution networks, and long-standing
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relationships with healthcare providers. This market structure creates both opportunities
and obstacles for technological innovation, with implications that differ systematically
between incremental and radical innovation strategies.

Incumbent firms in medical imaging benefit from multiple sources of competitive ad-
vantage that create barriers to entry for new technologies and participants. Installed base
effects generate switching costs for healthcare providers who have made substantial capi-
tal investments in existing equipment, trained personnel in its operation, and integrated
specific imaging modalities into clinical protocols. Replacing functional equipment with
alternative technologies requires justification through demonstrated performance advan-
tages sufficient to offset these switching costs, establishing a substantial hurdle for new
entrants.

Complementary asset requirements in medical device markets amplify incumbency
advantages. Successful commercialization requires not only functional technology but
also manufacturing capacity, quality assurance systems, regulatory expertise, distribution
networks, service organizations, and customer training infrastructure. Established firms
possess these complementary assets as a consequence of prior market participation, while
new entrants or technologies must either develop them independently or access them
through partnerships that dilute returns. Quantum sensing technologies, requiring spe-
cialized manufacturing processes and novel service capabilities, face particularly severe
complementary asset gaps.

Regulatory approval processes create dynamic increasing returns that favor incum-
bents. Firms with extensive experience navigating regulatory pathways for similar de-
vices face lower approval costs and shorter timelines than first-time applicants for novel
modalities. The accumulated regulatory expertise, established relationships with regula-
tory authorities, and institutional knowledge regarding evidence requirements constitute
valuable intangible assets that reduce the effective cost of innovation for incumbents.
This regulatory capital stock generates economies of scope across related product devel-
opments, strengthening incentives for incremental innovation within established techno-
logical paradigms.

Reimbursement determination processes introduce another layer of market structure
influence. Healthcare payment systems, whether public or private, establish compensa-
tion rates for diagnostic procedures based on historical cost structures, clinical evidence,
and budget impact analyses. Novel diagnostic modalities must secure favorable cover-
age determinations to achieve commercial viability, a process that requires demonstrating
both clinical utility and cost-effectiveness. The conservative nature of reimbursement
policy, driven by concerns about budget impact and uncertainty regarding new technolo-
gies, creates a situation where adoption is limited until reimbursement is established, but
reimbursement is unlikely without demonstrated adoption and clinical utility.

Network effects in clinical practice amplify adoption barriers for novel technologies.
Diagnostic imaging interpretation requires specialized expertise that develops through re-
peated exposure and experience. Radiologists and oncologists develop pattern recognition
capabilities and interpretive frameworks specific to familiar imaging modalities, creating
human capital that is partially technology-specific. Novel imaging approaches require
building new interpretive expertise across the medical community, a process that occurs
gradually through training programs and clinical experience accumulation.

The implications for resource allocation are clear. Under current economic condi-

10



Medical R&D Investment Trade-offs W. S. A. Ramos

tions and institutional structures, rational decision-makers applying standard investment
criteria will systematically favor conventional imaging enhancement over quantum sens-
ing development. This pattern reflects not short-sightedness or risk aversion per se, but
reasonable responses to fundamental intertemporal trade-offs and uncertainty structures.
Altering these allocation patterns would require either substantial changes in the eco-
nomic fundamentals or explicit policy interventions justified by externalities or market
failures not captured in private calculus.

5 The Realistic Outlook for Quantum Medical Tech-
nologies

The preceding analysis establishes that quantum sensing technologies for oncological di-
agnosis face formidable economic barriers that dramatically constrain near-term adoption
prospects, independent of their ultimate technical potential. This section synthesizes these
findings to develop a realistic assessment of quantum technology trajectories in medical
applications, with implications for both private investment strategy and public science
policy.

The fundamental economic reality confronting quantum medical sensing is that cur-
rent development stages remain far removed from clinical viability. Laboratory demon-
strations of quantum advantage in controlled settings, while scientifically significant, rep-
resent merely initial steps in a lengthy development pathway. The engineering challenges
of translating quantum effects observable in specialized laboratory conditions into robust,
reproducible clinical devices have barely begun to be addressed. Historical experience
with other transformative medical technologies suggests that even after successful pro-
totype development, the pathway through clinical validation, regulatory approval, and
market adoption extends across one to two decades.

Perspectives on quantum computing adoption in business contexts acknowledge both
transformative potential and significant practical constraints. Analysis of business oppor-
tunities and challenges at the dawn of the quantum computing era recognizes that quan-
tum computing promises to redefine technological and business boundaries, with quantum
algorithms threatening existing cryptographic measures while discovering vast opportuni-
ties in finance, healthcare, and logistics, alongside evolution of new business models such
as Quantum-as-a-Service and enhanced Al capabilities, while addressing challenges and
ethical concerns regarding rapid quantum technology ascent and advocating balanced and
responsible approaches to quantum adoption (How and Cheah, 2023).

The cost structures associated with quantum sensing development create severe capi-
tal requirements that exceed the investment capacity of all but the largest organizations
or sustained public research programs. The specialized infrastructure, technical exper-
tise, and extended development timelines require commitments on the order of hundreds
of millions to billions of dollars before any revenue realization. Private capital markets,
operating under conventional return expectations and time horizons, cannot rationally
justify such commitments given the extreme uncertainty and distant payoff structures.
This fundamental economics explains why quantum sensing remains confined to academic
and government research institutions rather than attracting substantial commercial in-
vestment.

11
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Applications of quantum computing to energy systems optimization demonstrate both
potential and limitations characteristic of quantum technologies more broadly. Analysis
reveals that quantum computing and simulations can significantly accelerate deployment
of urgently needed technologies to meet growing energy demand while protecting the
environment, with quantum computing offering practical advantages over classical com-
puting for specific applications in net-zero power system optimization, though technolog-
ical changes increasing scope for optimization to create value also increase computational
complexity, with energy system optimization problems now challenging even exa-scale
supercomputers (Paudel et al., 2022; Morstyn and Wang, 2024).

The competitive dynamics between quantum and conventional technologies further
diminish quantum adoption prospects. Conventional imaging modalities continue ad-
vancing along multiple performance dimensions through incremental engineering improve-
ments. Resolution enhancement, acquisition speed improvements, dose reduction, and
multimodal integration proceed steadily, raising the performance threshold that quantum
alternatives must exceed to justify adoption. Each year of delay in quantum technol-
ogy commercialization allows conventional approaches to capture additional performance
gains, maintaining or expanding their comparative advantage in practical applications.

The regulatory and reimbursement environment presents obstacles that may prove in-
surmountable within relevant time horizons. Regulatory agencies lack established frame-
works for evaluating quantum-enhanced diagnostics, introducing uncertainty regarding
approval requirements and evidence standards. The absence of clear regulatory pathways
discourages commercial investment and extends development timelines. Similarly, reim-
bursement systems provide no mechanisms for capturing value from marginal improve-
ments in sensitivity or specificity, particularly when achieved through technologies with
substantial cost premiums. The institutional inertia in healthcare payment policy sug-
gests that favorable reimbursement determination for quantum diagnostics, if achievable
at all, would require many years of clinical evidence accumulation and policy advocacy.

The human capital and organizational capability requirements for quantum technology
deployment constitute often-overlooked constraints. Healthcare institutions lack person-
nel trained in quantum sensor operation and maintenance. Medical professionals lack fa-
miliarity with quantum-enhanced imaging modalities and interpretive frameworks. Build-
ing this human capital infrastructure requires coordinated educational and training initia-
tives extending across years, creating adoption barriers that persist even after technology
becomes commercially available. The specialized nature of quantum technologies limits
the pool of potential operators and constrains deployment to highly specialized facilities.

Market size considerations introduce additional skepticism regarding commercial vi-
ability. Oncological diagnosis, while medically important, represents a limited market
relative to broader healthcare applications. Even if quantum sensing achieved technical
maturity and regulatory approval, the addressable market might be insufficient to justify
the development costs given limited deployment to specialized facilities serving specific
patient populations. The business case for commercial quantum diagnostic development
appears weak absent broader applications beyond oncology or dramatic cost reductions
that appear technically implausible.

The implications for resource allocation in medical R&D are straightforward. Contin-
ued investment in conventional imaging enhancement represents the economically rational
strategy for both private firms and public research institutions seeking near-term impact

12
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on clinical practice. Quantum sensing research, while potentially valuable for advancing
fundamental scientific understanding, should be recognized as exploratory work with un-
certain practical applications rather than a viable near-term alternative to established
diagnostic approaches. Resource allocation decisions should reflect this realistic assess-
ment rather than optimistic speculation about transformative breakthroughs.

Public science policy faces the challenge of distinguishing between genuinely promis-
ing research directions deserving support and technologically infeasible paths that waste
scarce resources. The enthusiasm surrounding quantum technologies more broadly has
generated pressure to direct substantial public funding toward quantum applications
across domains. In the medical context, policymakers should recognize the profound
barriers to practical implementation and resist diverting resources from more promis-
ing research directions based on speculative promises of quantum revolution. A modest
exploratory research portfolio in quantum sensing may be justified for maintaining aware-
ness of potential long-term opportunities, but large-scale commitment appears premature
given current technical and economic realities.

The realistic outlook for quantum sensing in oncological diagnosis is that it will remain
a laboratory curiosity for the foreseeable future, with limited prospects for clinical deploy-
ment within the next fifteen to twenty years. This assessment reflects not pessimism about
scientific progress but rather sober analysis of economic fundamentals, market structures,
and institutional constraints that systematically favor incremental innovation within es-
tablished technological paradigms. Recognizing these constraints enables more effective
resource allocation and avoids the misallocation of scarce R&D capacity to paths with
minimal near-term practical potential.

6 Conclusion

This paper has examined the economic dynamics underlying resource allocation decisions
in medical R&D, with specific focus on the trade-off between conventional diagnostic
imaging enhancement and emerging quantum sensing technologies in oncological applica-
tions. The analysis reveals that despite theoretical advantages in measurement precision
and sensitivity, quantum sensing faces systematic economic disadvantages that severely
constrain near-term adoption prospects and rational investment.

The core findings establish that quantum medical sensing exhibits unfavorable charac-
teristics across multiple dimensions relevant to investment decisions. Extended develop-
ment timelines spanning two decades or more introduce severe present value discounting
under conventional discount rates. Prohibitive capital requirements for infrastructure
development and technical expertise exceed the capacity of private capital markets. Reg-
ulatory uncertainties and absence of established approval pathways introduce additional
risk layers. Reimbursement system constraints limit market viability even if technical and
regulatory challenges are overcome. Market structure features including incumbency ad-
vantages, complementary asset requirements, and network effects create high barriers to
adoption. These factors collectively generate a risk-return profile that renders quantum
sensing economically unattractive relative to conventional imaging enhancement under
standard investment criteria.

The intertemporal trade-off analysis demonstrates that rational decision-makers, ap-
plying appropriate discount rates and considering uncertainty structures, will system-
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atically favor conventional technologies offering near-term returns with manageable risk
over quantum alternatives with distant, uncertain payoffs. This pattern reflects efficient
resource allocation given economic fundamentals rather than short-sightedness or insuffi-
cient risk tolerance. The option value of delaying commitment to quantum technologies
reinforces conservative allocation strategies, as maintaining flexibility to respond to future
information provides value exceeding premature commitment to uncertain pathways.

Market structure analysis reveals how industry concentration, complementary asset
requirements, regulatory processes, and reimbursement systems create systematic biases
favoring incremental innovation within established technological paradigms. These struc-
tural features operate independently of quantum technology merits, establishing obstacles
that persist even if technical challenges are eventually resolved. The institutional environ-
ment surrounding medical diagnostics inherently disadvantages radical departures from
established approaches.

The realistic assessment presented acknowledges that while quantum sensing remains
scientifically interesting and may ultimately contribute to medical diagnostics in distant
timeframes, near-term practical implementation appears economically implausible. This
conclusion has important implications for both private investment strategy and public
science policy. Private investors should recognize quantum medical sensing as speculative
at best, avoiding substantial capital commitments absent dramatic changes in economic
fundamentals. Public research institutions should maintain modest exploratory programs
for monitoring long-term potential while resisting pressure to redirect major resources
from more promising applications based on optimistic speculation.

The broader implications extend beyond the specific case of quantum sensing to il-
luminate general principles governing technology adoption in capital-intensive, heavily
regulated sectors. Transformative innovations face inherent economic disadvantages rela-
tive to incremental improvements in established technologies, creating strong path depen-
dence in technological trajectories. Overcoming these disadvantages requires not merely
technical superiority but dramatic performance advantages sufficient to justify substantial
switching costs, regulatory uncertainties, and coordination challenges. Technologies fail-
ing to achieve such dramatic advantages, regardless of their theoretical potential, remain
confined to research settings rather than achieving practical deployment.

Future research should examine whether the economic barriers identified here represent
genuine market failures justifying policy intervention or efficient private responses to fun-
damental constraints. If external benefits from quantum technology development exceed
private returns, carefully designed public research programs might accelerate progress.
However, such interventions should proceed from realistic assessments of technical feasi-
bility and adoption timelines rather than technologically optimistic assumptions. Addi-
tional work analyzing specific policy instruments, including research grants, regulatory
reforms, and public-private partnerships, could illuminate effective strategies for support-
ing potentially transformative innovations while avoiding resource waste on fundamentally
uneconomic pathways.

The analysis presented here contributes to ongoing debates regarding medical innova-
tion policy and the appropriate balance between incremental and radical research strate-
gies. By grounding the discussion in economic fundamentals rather than technological
enthusiasm, we provide a framework for more realistic assessment of emerging technolo-
gies and more effective resource allocation in medical R&D. The conclusion that quantum
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sensing faces severe economic barriers to near-term adoption should inform expectations
and investment decisions, promoting more efficient allocation of scarce resources toward
approaches with genuine prospects for clinical impact within relevant time horizons. High-
cost technologies such as quantum sensing tend to have limited adoption in the short term,
as rational economic agents prioritize investments with clearer paths to commercialization
and market viability.
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