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Introduction

Contemporary cancer care is inherently multidisci-
plinary, requiring close collaboration among oncol-
ogists from different specialties to ensure optimal
treatment for each patient. Within this framework,
radiotherapy remains one of the most widely used
and effective therapeutic modalities, with approxi-
mately 50% of all patients with cancer requiring ra-
diotherapy at some point during the course of their
disease (1,2).

Yet radiation oncology now finds itself at a
crossroads. Few medical specialties have undergone
such a profound and rapid technological transfor-
mation over recent decades. Precision has become
our defining hallmark, technical accuracy our

Contemporary radiation oncology stands at a critical crossroads between technological
sophistication and biological relevance. While the field has undergone a profound trans-
formation—achieving unprecedented precision through innovations like IMRT, SABR,
and Al-driven workflows—there is a growing concern that technical mastery is overshad-
owing clinical purpose. This paper explores the tension between a technology-driven
identity and the necessity of reclaiming a biology-centered paradigm.
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professional language, and technology the most vis-
ible expression of our identity.

Beneath this unquestionable progress, how-
ever, lies an uncomfortable question: are we advanc-
ing toward better oncologic care, or merely toward
increasingly sophisticated radiation delivery? The
growing debate between biology and technology in
radiation oncology is not a minor academic exercise;
rather, it reflects deeper concerns about the spe-
cialty’s clinical leadership, professional identity, and

long-term relevance.

Where We Come From, Where We Are,
and Where We Are Going

Since its discovery and subsequent consolidation as
a therapeutic tool for cancer (and for several non-
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malignant conditions) radiotherapy has undergone
continuous evolution, becoming a highly sophisti-
cated modality capable of delivering dose with re-
markable precision to the target volume while spar-
ing surrounding healthy tissues. In recent years,
however, and with increasing intensity, radiation
oncology faces the risk of becoming a technologi-
cally brilliant yet conceptually impoverished spe-
cialty if biology fails to reclaim a central role in
clinical decision-making.

Overlooking, or relegating to the background,
the fact that radiotherapy is fundamentally in-
tended to cure (sometimes), relieve (often), and ac-
company (always) the patient, means relinquishing
the medical foundations of the specialty in favor of
a poorly understood technological primacy.

Radiotherapy emerged at the end of the nine-
teenth century from the discovery of X-rays by
Wilhelm Réntgen and natural radioactivity by
Henri Becquerel, alongside the pioneering work of
Marie and Pierre Curie. From its earliest stages, it
was grounded in a distinctly biological perspective.
Early advances were driven by clinical experimen-
tation and direct observation of biological effects,
including the definition of maximum tolerated
dose through the concept of the “erythema dose”
and the establishment of fractionation as a thera-
peutic principle, based on the classical experiments
of Claude Regaud and colleagues (3). These devel-
opments firmly positioned biology at the core of
understanding the therapeutic effects of ionizing
radiation.

At the same time, it would be both risky and
inaccurate to ignore that progress in radiotherapy
has been inseparable from technological develop-
ment. The twentieth century—and the first quar-
ter of the twenty-first—has been shaped by engi-
neering, applied physics, and industrial innova-
tion, leading to unprecedented technological ad-
vances that have turned radiotherapy into a clear
success story.

Technological innovation has permeated
every stage of the oncological process, from diag-
nosis through completion of treatment. Tech-
niques such as intensity-modulated radiotherapy
(IMRT), stereotactic radiosurgery (SRS), stereo-
tactic ablative body radiotherapy (SABR), image-
guided radiotherapy (IGRT), and adaptive radio-
therapy (ART) have substantially improved treat-
ment precision, enabling the safe irradiation of

tumors near critical organs, enhancing safety,
standardizing workflows, and ensuring clinical re-
producibility.

In parallel, hybrid systems such as MRI-
guided linear accelerators (MR-LINAC), PET-
based platforms, and workflow automation sup-
ported by artificial intelligence have improved
both accuracy and efficiency. Particle therapies—
using protons and carbon ions—exploit distinct
physical properties, such as the Bragg peak, to
achieve potentially superior dose distributions.
Emerging approaches, including FLASH radio-
therapy, are currently under investigation for their
potential to improve normal tissue tolerance and
further advance treatment personalization (4,5).

What if we shift the focus, again?

Technological success, while undeniable, is not
without risk. The more our specialty is defined by
machines and algorithms, the greater the danger of
becoming technology-driven rather than patient-
centered. Today, we can determine where we irra-
diate with remarkable precision, yet we are not al-
ways equally clear about whom to treat, how
much, when, and why. This imbalance highlights a
fundamental truth: technical progress alone does
not necessarily translate into clinical progress.

In contrast, a biologically driven approach
seeks to understand the differential response of tu-
mors and normal tissues to ionizing radiation, re-
flecting the inherent heterogeneity of patients. The
integration of radiogenomics, liquid biopsy, and
molecular biomarkers offers a pathway toward gen-
uine treatment personalization, allowing radiation
dose, fractionation, and therapeutic combina-
tions—including immunotherapy and targeted
agents—to be tailored to the individual character-
istics of both tumor and host.

This radiobiological paradigm not only
strengthens the clinical role of the radiation oncol-
ogist and the physician—patient relationship, but
also expands the therapeutic potential of radiother-
apy beyond geometric optimization, reframing it
as a dynamic and patient-specific strategy.

Biology-centered approaches, however, come
with undeniable challenges: fragmented evidence,
immature or insufficiently validated biomarkers,
increased conceptual complexity, and limited ap-
peal to an industry focused on rapid, scalable
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solutions. Yet for precisely these reasons, abandon-
ing biology in favor of uncritical technologisation
is not a pragmatic shortcut, but an intellectual re-
treat.

The limits of biologism and the risks of
uncritical technologization: toward ra-
diation oncology fragmentation?

Framing the debate in radiation oncology as a sim-
ple opposition between biology and technology
fundamentally misrepresents the issue. Technol-
ogy refines execution but does not determine indi-
cation; biology introduces uncertainty but pro-
vides clinical meaning. Adaptive radiotherapy im-
plemented without clear biological criteria risks be-
coming little more than geometric adjustment; ar-
tificial intelligence without biological grounding
leads to automation without true intelligence; and
proton therapy adopted without biologically in-
formed patient selection results in high-cost treat-
ments with, at best, marginal clinical benefit.

Radiotherapy must rest on biological princi-
ples that define who is likely to benefit, why treat-
ment is indicated, when and how it should be de-
livered, and what therapeutic goals are realistic. Be-
yond hypothetical hierarchies, it may be more
meaningful to understand why cells become “im-
mortal,” evade regulatory and immune control,
and ultimately exhaust the life of their host, or how
available strategies can reverse this process and in-
teract to maximize response, than to fine-tune a
treatment to the millimeter or control the minimal
variation caused by normal respiratory motion.
Within this framework, technology plays a cru-
cial—yet supporting—role: it enables and refines
clinical intent, but it should never become an end
in itself.

The speed and visual appeal of technological
innovation, substantial industrial investment with
pressure for early returns, and a degree of persistent
professional insecurity—shaped by fear of rare but
serious toxicities and by the public’s often negative
perception of radiation—have all contributed to a
growing reliance on a technological “lifeboat,”
even within the specialty itself. This drift risks
pushing radiation oncology toward an increasingly
technical practice in which clinical judgement is
subordinated to algorithms—or to other special-
ists—reducing radiation oncologists to highly

skilled “advanced operators” progressively dis-
tanced from their medical identity.

Swinging the pendulum in the opposite direc-
tion, toward an exclusively biologicist view, is
equally unhelpful. Sound biological concepts with-
out the technological means to deliver treatment
safely and precisely would inevitably lead to clini-
cal regression and further weaken the specialty.

If this false dichotomy persists, the most likely
outcome is not synthesis but fragmentation: on
one side, a nominally “clinical” branch focused on
patient interaction and treatment decisions, at risk
of being absorbed by other specialists; on the other,
a predominantly technical branch formed by a
close alliance of physicians and physicists devoted
to constraining, histogramming, and other -ing,
expertly optimizing dose distributions while be-
coming increasingly focused on the irradiated vol-
ume rather than the patient who, almost inci-
dentally, contains it. Such a future would not only
impoverish the discipline but would also erode its
medical identity and clinical leadership. The ques-
tion is whether we, as oncology and radiotherapy
specialists, are prepared to accept such a (dysto-
pian?) future.

From precision to purpose in radiation
oncology

The integration of biological data into clinical
workflows allows a more accurate characterization
of tumor heterogeneity, including the identifica-
tion of radioresistant subvolumes or hypoxic re-
gions that may benefit from targeted dose escala-
tion. In parallel, advances in tumor biology are
driving increasingly rational multimodal strate-
gies—such as radioimmunotherapy and combina-
tions of radiotherapy with targeted agents—in
which biomarkers inform both patient selection
and optimal treatment sequencing. Crucially, this
biologically driven approach is only feasible when
supported by advanced technologies, including
adaptive radiotherapy, functional and molecular
imaging (PET and MRI), and artificial intelli-
gence—assisted planning (6-8).

The convergence of technological innovation
and biological insight is therefore enabling a tran-
sition towards truly precision radiation oncology,
focused on individualizing treatment for each per-
son with cancer—the ultimate goal of any medical
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intervention. We are oncologists and radiation on-
cologists, but above all, we are physicians. It is the
humanistic foundations of medicine, rather than
the allure of technology alone, that should guide
our path forward.

Patients are not volumes, histograms, or targets;
they are the reason our specialty exists. Without
self-criticism, there is no progress, only inertia. In

ABBREVIATIONS

ART - adaptive radiotherapy

IGRT - image-guided radiotherapy

IMRT - Intensity-modulated radiotherapy

this context, the next major advance in radiation
oncology is unlikely to come from a new machine,
but from a well-formulated clinical question. If bi-
ology does not reclaim a central role in decision-
making, radiotherapy may become technically
flawless yet clinically dispensable. Ultimately,
treating cancer is not about delivering radiation
perfectly, but about delivering it with purpose.

MR-LINAC - Magnetic resonance-guided linear accelerators

SABR - stereotactic ablative body radiotherapy
SRS — stereotactic radiosurgery
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