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1 | THREE-DISCIPLINE
COLLABORATIVE RADIATION THERAPY
(3DCRT) DEBATE SERIES

Radiation oncology is a highly multidisciplinary medi-
cal specialty, drawing significantly from three scientific
disciplines—medicine, physics, and biology. As a result,
discussion of controversies or changes in practice within
radiation oncology involves input from all three dis-
ciplines. This journal has adopted this “team-science”
approach to debate articles in the “parallel-opposed”
editorials. This article is part of the long-running
debate series entitled “three-discipline collaborative
radiation therapy (3DCRT)". In the “3DCRT” debate,
each debate team has included three multidisciplinary
team members, with the hope that this format would
both engage the readership and foster further collab-
oration in the science and clinical practice of radiation
oncology.

2 | INTRODUCTION
Medical physicists contribute to radiation therapy of can-
cer through their work in radiation dosimetry, radiation
delivery, and quantitative modeling of radiobiology. The
past decades have seen remarkable progress in the pre-
cision of radiation delivery. At the same time, clinical
oncology has progressed significantly through the better
understanding of cancer biology. In this context, we face
the question whether medical physicists should now pri-
oritize radiobiology-driven work, instead of continuing
to emphasize the traditional, incremental improvement
in spatial accuracy of radiation delivery. The debate
proposition in this article states: “Medical physics should
focus less on geometric precision and more on biological
outcomes.”

Arguing for this proposition are Dr. Francois de
Kermenguy, Dr. Susannah G. Ellsworth, Dr. Andrea
Facciabene.
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Dr. de Kermenguy is a postdoctoral research fel-
low and incoming resident of Medical Physics at
Harvard Medical School and in the Department of
Radiation Oncology at Brigham and Women’s Hos-
pital and the Dana-Farber Cancer Institute. His PhD
research merged physics with mathematical oncology
to investigate the radiation dose delivered to lympho-
cytes during treatment and ultimately enable radio-
therapy/immunotherapy combinations. His postdoctoral
work focuses on the development and optimization of a
new dual-energy imager for patient set-up verification in
radiotherapy.

Dr. Ellsworth is a clinical associate professor in the
Department of Radiation Oncology at the University of
Pittsburgh. Clinically, she specializes in gastrointestinal
cancers with an interest in pancreatic and colorectal
malignancies. Her research interests focus on radia-
tion effects on the immune system and novel treatment
approaches for pancreatic cancer.

Dr. Facciabene is a research associate professor
in the Department of Radiation Oncology and the
Ovarian Cancer Research Center at the University of
Pennsylvania. He leads a translational research labo-
ratory dedicated to advancing tumor immunology and
immunotherapy. His pioneering work includes develop-
ing novel preclinical immunotherapies and vaccination
strategies—such as utilizing mitochondria isolated from
tumors—as well as exploring how the gut microbiome
regulates immune surveillance and the tumor microen-
vironment.

Arguing against this proposition are Dr. Marco
Durante, Dr. Roberto Pacelli, and Dr. Joel St-Aubin.

Dr. Durante is the director of the Biophysics Depart-
ment at the GSI Helmholtzzentrum fir Schwerionen-
forschung in Darmstadt, Germany, and full professor of
Physics at the Technische Universitat Darmstadt and
part-time at the University of Naples Federico Il in Italy.
Dr. Durante’s research primarily addresses radiation bio-
physics, the optimization of charged particle therapy,
and space radiation protection.

Dr.Pacelliis a full professor of Diagnostic Imaging and
Radiotherapy in the Department of Advanced Biomed-
ical Sciences at the University of Naples Federico Il
in Naples, Italy. His clinical and academic focus lies in
radiation oncology, where he has published on math-
ematical modeling and analysis of radiation effect in
various disease types.

Dr. St-Aubin is a clinical associate professor and is
the physics director of stereotactic radiosurgery in the
Department of Radiation Oncology at the University
of lowa Health Care, in lowa City, USA. His clinical
and research expertise centers on advanced dosimetric
modeling and the clinical implementation of MRI-guided
adaptive radiotherapy. He is particularly focused on opti-
mizing treatment planning delivery times using artificial
intelligence for online adaptive radiotherapy.

3 | OPENING STATEMENTS

3.1 | Opening statement for the
proposition

The historical trajectory of radiation oncology (RT) has
been defined by a steady focus on geometric precision,
prioritizing conformality and margin reduction through
technologies like intensity-modulated RT, image-guided
RT, and particle therapy. However, this relentless pursuit
of dosimetric perfection risks becoming what Richard
Feynman termed “cargo cult science”: performing the
rituals of scientific rigor without achieving the requi-
site intellectual substance."? This evolution of RT has
been mostly driven by reliance on the linear quadratic
(LQ) model,® with the assumption that treatment plan-
ning with better target coverage and organ at risk (OAR)
sparing will inevitably result in improvements in disease
control and normal tissue toxicity.

Like the unfortunate travelers of Greek mythology
who found themselves either stretched out or chopped
down to fit into the fatal bed of Procrustes, radiation
oncologists are currently forced into rigid treatment
paradigms that apply the same regimen in all patients
(albeit with millimeter-level precision!), regardless of
significant inter-patient heterogeneities in tumor and
normal tissue radiosensi’(ivity.4 Therefore, current RT
practice relies on Biological Effective Dose (BED) or
Equivalent Dose in 2 Gy fractions (EQD2) matching to
compare and rationalize different fractionation sched-
ules under the assumption of biological equivalence.®°
While such approaches may be useful for normaliz-
ing predicted direct tumor cell kill or late normal tissue
toxicity within the constraints of the LQ framework,
they implicitly assume that dose—response relationships
are monotonic, context-independent, and dominated by
clonogenic survival.

The reality, however, is far more complex. By focus-
ing solely on the loss of cellular proliferation capacity
induced by DNA damage, the LQ model neglects “pas-
senger” effects of RT that are essential for disease
eradication, such as death mechanisms and immune
modulation® In particular, immune-mediated effects
of radiotherapy, including antigen release, antigen-
presenting cell activation, lymphocyte depletion, vas-
cular modulation, myeloid reprogramming, and the
induction of systemic antitumor responses (abscopal
effects), depend strongly on dose per fraction, spatial
dose distribution, treatment volume, and timing relative
to systemic therapies, often in a non-linear and non-
monotonic way.-® As a result, fractionation schedules
that are formally equivalent by BED may yield profoundly
different biological and clinical outcomes, particularly
in combination with immunotherapy®'® An additional
and largely unaccounted determinant of radiother-
apy response in this context is the gut microbiome,
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which exerts systemic effects on antitumor immu-
nity and host metabolism. Radiotherapy can reshape
the gut microbiota,'"'2 while baseline microbial com-
position and microbiota-derived metabolites modulate
antigen presentation, T-cell priming, myeloid cell func-
tion, and responsiveness to immunotherapy.'>'* These
microbiome—immune interactions are not captured by
physical dose metrics or BED-based equivalence and
may be differentially influenced by dose per fraction,
irradiated volume, and treatment timing. Consequently,
dosimetrically equivalent regimens may induce dis-
tinct systemic immune and metabolic states through
microbiome-mediated mechanisms, further undermin-
ing the assumption that biological response can be
inferred from dose alone.!" 1517

Beyond the biological limitations, the race for nano-
metric radiotherapy presents societal and economic
challenges that do not fit with a value-based radiother-
apy pragmatic approach.'®20 The field must differenti-
ate between technological novelty and genuine clinical
value to ensure the sustainability of healthcare financ-
ing. Unchecked investment in technologies that solely
improve dosimetry without proven benefits to disease
control or toxicity reduction wastes limited resources and
hampers equitable patient access.?' Moreover, in an era
of environmental crisis?2?% and geopolitical instability,
the reliance on complex hardware-heavy technologies
reduces the resilience of oncology departments by
inflating human resource requirements?* and introduc-
ing multiple points of failure within both the clinical
workflow and supply chain?®

To address these challenges, the focus of radia-
tion oncology must pivot from technological escalation
focused on geometric precision to biologically guided
planning and delivery of RT. In addition to new ways
to deliver radiation (such as low-dose irradiation,'"26.27
spatially fractionated radiation therapy?® or FLASH
therapy?®-39), resources should be redirected toward
unraveling the mechanisms of radioresistance, cell
death pathways, inter-individual variations in radiation
response (across both malignant and healthy tissues),
radiation-driven immune modulation, and microbiome-
mediated effects. While the tumor control probability
is likely determined not purely by dose deposited but
also by the balance of immunostimulatory and immuno-
suppressive effects of local RT, the formal integration
of immuno-oncologic insights into radiotherapy plan-
ning remains elusive. Addressing this gap is essential
to resolving the inconsistent results observed in recent
immuno-radiotherapy trials2"3? Medical physicists are
uniquely positioned to lead this transition, not by merely
refining dose distributions, but by applying their exper-
tise to overcome the LQ model and develop new tools
and biomarkers®3-3% needed for the next generation of
treatment planning systems.3° By integrating biological
complexity into treatment planning, the field can move
beyond the geometric precision paradigm toward a truly

personalized approach that prioritizes clinical outcomes
over dosimetric aesthetics.

3.2 | Opening statement against the
proposition

Medical physics should not focus less on geometric pre-
cision in favor of biological outcomes. Rather, geometric
precision is the indispensable foundation upon which
any meaningful biologically guided radiotherapy (RT)
must be built.

The motion presents a false dichotomy. Nobody these
days disputes the importance of tumor biology,immune
modulation, the microbiome, or inter-individual sensitiv-
ity. These emerging domains will undoubtedly shape the
future of RT*° However, the promise of biologically indi-
vidualized RT cannot be realized unless radiation is first
delivered accurately, reproducibly, and selectively to the
intended target.*

RT is unique among cancer treatments because it
is defined not merely by what is delivered, but by
where it is delivered. A given dose has profoundly differ-
ent consequences depending on its spatial distribution.
Immune activation,*> lymphocyte depletion®® vascu-
lar remodeling,'® and normal tissue toxicity*> are all
strongly dependent on the volume and location of irra-
diated tissues. Thus, biological outcomes are inherently
spatial phenomena. In radiotherapy, geometry governs
biology.

To reduce RT to “give a very high dose to the
target sparing the normal tissue as much as possi-
ble” is naive. Nevertheless, the emphasis on geometric
precision led to major clinical gains. Image-guided radio-
therapy, intensity modulation, stereotactic techniques,
adaptive workflows, and margin reduction have enabled
dose escalation while reducing toxicity. These advances
have translated into improved tumor control and qual-
ity of life across multiple disease sites. In localized
lung** and prostate*® cancer, precision RT confers to
the patients the same cure probability of surgery, allow-
ing to successfully treat even patients non-medically fit
for surgery. Sparing salivary glands in head-and-neck
cancer/*® bowel in pelvic irradiation;*” heart and lung
in breast cancer*® and healthy brain in radiosurgery*®
are clinically meaningful outcomes made possible by
precision.

Particle therapy provides a particularly compelling
counterexample to the motion. Its clinical value derives
directly from superior geometric selectivity, which trans-
lates into measurable biological and clinical benefits.5°
A typical case is pediatric craniospinal irradiation,
where proton therapy significantly reduces integral
dose to the heart, lungs, and abdomen, lowering the
risk of late toxicity, endocrine dysfunction, and sec-
ondary malignancies®' Craniospinal irradiation with
protons can also prolong survival in adult patients with
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leptomeningeal metastasis compared to conventional
X-rays®? In left-sided breast cancer, proton therapy
markedly reduces cardiac dose, with important impli-
cations for long-term cardiovascular morbidity®® In
oropharyngeal carcinoma, recent results of a random-
ized trial in the US show that the high precision of
protons reduces toxicity and leads to prolonged patients
survival >

In re-irradiation, where normal tissue tolerance is
already limited, proton therapy often determines whether
curative treatment is feasible at all by minimizing addi-
tional dose to previously irradiated organs®® Further-
more, reducing the low-dose bath with charged particles
results in lower lymphopenia, directly linking geometric
precision to immune preservation.>® Carbon ion therapy
further illustrates that biological effectiveness is insepa-
rable from spatial accuracy; without precise delivery, its
advantages would be lost.>’

Adaptive radiotherapy (ART) provides an equally
compelling example of the benefits of geometric pre-
cision. MR-Linacs are an example of ART technology
that provides high-quality imaging essential for daily
dose adaptations and real-time motion management.®®
MR-Linac based ART provides increased geometric tar-
geting accuracy which in turn enables the reduction
of treatment uncertainty margins. The improved target-
ing accuracy and smaller treatment margins associated
with MR-Linac ART have shown significant reductions
in grade >2 genitourinary toxic effects for stereotactic
body radiotherapy prostate cancer treatments.>°

Critiques of current radiobiological models, includ-
ing the limitations of the linear-quadratic framework,
are valid. However, they do not justify de-emphasizing
precision. Instead, they reinforce the need to integrate
improved biological understanding with advanced deliv-
ery capabilities, such as MR-Linac. If treatment planning
evolves to incorporate genomic radiosensitivity,immune
status, or microbiome-derived biomarkers, these insights
must be translated into spatially resolved dose prescrip-
tions. Such strategies, such as dose painting?° require
more precise targeting, not less. Indeed, the more
sophisticated our biological understanding becomes,
the more demanding geometric requirements will be. If
radioresistant subregions within tumors are to be selec-
tively escalated, or if immune-sensitive structures such
as lymph nodes, bone marrow, or circulating blood are to
be spared, then millimetric accuracy becomes essential.

Deprioritizing geometric precision risks unintended
harm. Broader margins or less conformal treatments
could increase toxicity, compromise quality of life, and
ultimately undermine clinical outcomes. A shift away
from precision may paradoxically impair the very biolog-
ical effects the motion seeks to prioritize.

Economic and societal concerns about advanced
technologies should be framed in terms of value rather
than complexity. Technologies that reduce severe toxic-
ity, prevent long-term complications, and enable curative

treatment in challenging scenarios are not luxuries; they
are high-value interventions. Moreover, precision tech-
nologies often become more efficient and accessible
over time.

The future of medical physics is therefore not a choice
between geometry and biology. Biology informs what
should be done; geometry determines whether it can be
done safely and effectively. Geometric precision is not
the obstacle to biologically guided radiotherapy: it is the
platform that makes it possible.

4 | REBUTTALS

4.1 | Rebuttal, for the proposition
Geometric precision has undeniably improved the safety
of radiotherapy. However, the central question of this
debate is not whether precision matters, but whether
further refinements in geometric delivery continue to
translate into meaningful clinical benefit. On this point,
the evidence is far less convincing. While toxicity man-
agement is crucial, the primary purpose of RT is to treat
lesions. Thus far, outside the specific subset of patients
eligible for ablative dose escalation via SBRT?' superior
dose precision has not always translated into significant
improvements in OS or PFS 52

Our colleagues highlighted proton therapy as a com-
pelling counterexample to the motion. However, several
large recent phase Il studies in patients with prostate
(PARTIQoL®3), breast (RadComp®?),and head and neck
cancers (TORPEdO®*) have not demonstrated con-
sistent improvements in survival and have shown at
best modest or context-dependent reductions in toxicity
compared to modern photon techniques.? We acknowl-
edge that a recent landmark phase lll trial in patients
with oropharyngeal cancer reported a significant OS
improvement for proton versus photon therapy>* How-
ever, the study clearly highlights reduced lymphopenia
and immune—oncology—microbiome axis alterations in
the proton arm as “potential mechanisms underlying
the improvement in overall survival”. These results chal-
lenge the assumption that superior geometric conformity
necessarily improves outcomes, indicating that geome-
try alone is not sufficient to consistently drive meaningful
clinical benefit.

It is also argued that adaptive radiotherapy (ART)
enables further reduction of PTV margins. However,
investing additional resources into perfecting physical
delivery is unlikely to yield substantial additional clini-
cal benefit within the current “one-size-fits-all’dosimetric
paradigm® Such a framework fails to account for
patient-specific patterns of tumor infiltration and the
profound inter-individual variability in both tumor and
normal tissue radiation responses*37:6667 |n this set-
ting, increased geometric precision will simply deliver
“biologically imprecise” treatment with greater physical
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accuracy. Future outcome improvements will there-
fore likely stem from CTV and dose personalization
delineation leveraging advanced imaging and disease
infiltration models.

Finally, modern oncology is fundamentally reliant
on combination therapies. Protocols optimized purely
for cytotoxic effects are rarely optimal for immuno-
logical synergy with immune checkpoint blockers and
other systemic therapies3' While potentially useful,
defining new, fixed dose constraints to spare immune
organs remains a “business as usual” approach.%® Next-
generation treatment planning should not treat the
immune system simply as a passive organ at risk, but
as an active lever that can be engaged to synergize with
RT in order to enhance therapeutic efficacy.

In conclusion, we contend that while maintaining
tight geometric margins is critical for clinical safety,
the next major breakthrough in radiotherapy will not
come from further submillimetric physical refinements,
but rather from biological optimization. First, highly pre-
cise techniques such as proton therapy, while effective
at improving dose distribution in tissue, have not con-
sistently demonstrated survival benefits in clinical trials.
Second, the “geometric race” is fundamentally under-
mined by a lack of personalization, both in terms of CTV
design and dosing: it is futile to perfect the “where”when
we remain uncertain about the “what,” the “how much,’
and even the “when”%% Third, the mixed clinical out-
comes observed in recent immuno-radiotherapy trials®?
suggest that merely tweaking current protocols is insuf-
ficient to optimize radiotherapy integration with these
next-generation modalities.' Medical physicists have a
unique opportunity to embrace the fast-evolving land-
scape of modern oncology by applying their expertise
to question how radiation dose and delivery technique
modulate tumor biology, especially with respect to the
antitumor immune response.

4.2 | Rebuttal, against the proposition
Our colleagues rightly emphasize the limitations of cur-
rent biological models and the importance of incorporat-
ing immune effects, radiosensitivity, and the microbiome
into radiotherapy. We agree with this vision. However,
their argument rests on the incorrect premise that
an emphasis on geometric precision has constrained
biological progress. In reality, precision has enabled it.
Many of the biological effects highlighted in support of
the motion are themselves critically dependent on dose
geometry. Radiation-induced lymphopenia is strongly
influenced by the volume of circulating blood, bone mar-
row, and lymphoid organs exposed to radiation.”® Micro-
biome perturbation depends on the extent and location
of bowel irradiation.”’ Immune activation and absco-
pal effects vary with treated volume, dose heterogeneity,
and exposure of draining lymph nodes.”? These obser-

MEDICAL PHYSICS-L>°®

vations do not argue against geometric precision—they
demonstrate its central biological relevance.

We agree that equivalent dose regimens (BED or
EQDZ2) can produce different outcomes, but this does
not justify deprioritizing the most controllable and quan-
tifiable aspect of radiotherapy. Geometry remains the
foundation upon which biological hypotheses can be
tested, validated, and ultimately implemented in clinical
practice.

Furthermore, many of the proposed biologically driven
strategies demand even greater precision. Particle ther-
apy and ART both illustrate this point. The ability of
protons to reduce integral dose and spare immune-
relevant structures depends entirely on accurate beam
placement and range control.”®> The biological promise
of carbon ion therapy is inseparable from its spatial
precision.”* ART enables reduced treatment margins
with subsequent reductions in normal tissue toxicities.”®
Without geometric accuracy, these biological advan-
tages would not translate into clinical benefit.

Finally, characterizing advances in precision as “dosi-
metric aesthetics” overlooks their demonstrated clinical
impact. Reductions in xerostomia, dysphagia, genitouri-
nary toxicity, neurocognitive decline, cardiac toxicity, and
secondary malignancies are tangible improvements in
patient outcomes, not abstract dosimetric gains.

The appropriate conclusion is not that medical
physics should focus less on geometric precision, but
that it should leverage precision in service of increas-
ingly sophisticated biological goals. Geometry and
biology are fundamentally interdependent.
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