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The Nordic Association for Clinical Physics (NACP) held its trien-
nial symposium in Gothenburg, Sweden, from 24 to 26 March
2026. Under the theme ‘Collaboration and future challenges,
the symposium brought together medical physicists from
radio-therapy, radiology, nuclear medicine, and magnetic reso-
nance, providing a comprehensive overview of emerging tech-
nologies and their translation into clinical practice in the Nordic
region. The symposium comprised plenary sessions, parallel
scientific sessions, workshops, and poster presentations, offer-
ing a platform for both emerging research and clinical imple-
mentation. A recurring message throughout the symposium
was the role of the medical physicist not only as a physics expert
but also as a key contributor to safe and effective patient care.
The meeting captured both scientific advances and practical
challenges facing medical physicists today.

The symposium opened with an engaging retrospective on
the history of NACP, founded in 1962, presented by the current
president, Toni lhalainen (FI). He highlighted the association’s
early international impact, including contributions to develop-
ments that later formed international standards such as the
International Atomic Energy Agency (IAEA) dosimetry protocol.
Following a 12-year period of inactivity, the association was
revitalized with the approval of a new constitution by the boards
of the Nordic national member organizations in 2004. For
physicists whose professional experience is largely rooted in the
21st century, this historical perspective provided a valuable and,
in many ways, eye-opening insight into the legacy and evolution
of the field.

A recurring theme of the two most recent NACP symposia
has been theintroduction of artificial intelligence (Al) in medical
physics, and the discussions at the 2026 symposium reflected a
clear maturation of the field. Whereas earlier meetings
emphasized methodological development, the 2026 symposium
shifted the focus toward clinical implementation and practical
deployment. This transition was exemplified in plenary lectures
by Mika Kortesniemi (Fl), “The role of the Medical Physicist with
respect to Al, and Mark Gooding, ‘RoboRadOnc: The future of
radiation therapy?’ Together, these presentations underscored
both the evolving role of the medical physicist and the broader
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trajectory of the field, pointing toward increasingly data-driven,
clinically grounded, and automated approaches to patient care.

Scientific themes emerging from NACP 2026

Scientific contributions from proffered papers and posters
reflected a broad range of topics, including predictive modeling
of treatment-related toxicity, ultra-high dose rate radiotherapy,
and target motion management.

Reirradiation is becoming an increasingly relevant compo-
nent of radiotherapy, driven by several converging develop-
ments. Improved cancer survival has led to a growing
population of patients presenting with local recurrences or
new primary tumors in previously irradiated regions. At the
same time, advances in treatment delivery, imaging, and dose
planning have enabled more precise approaches, allowing
reirradiation to be considered in situations where it was
previously deemed too high risk. In this context, the plenary
contribution by Ane Appelt was particularly timely. As a key
figure in shaping international standards and research agendas
in reirradiation, her presentation provided a comprehensive
overview of current clinical practice alongside ongoing research
efforts, highlighting both the opportunities and the remaining
challenges in this evolving area [1].

A notable development is the growing emphasis on
standardization and multi-institutional collaboration. While
data-driven approaches have been discussed in earlier
meetings [2], the 2026 symposium placed greater focus on
structured clinical data, national registries, and coordinated
efforts to support consistent practice. The KaSARi (Key advances
in Standardizing, Automating, and predicting Risks in
radiotherapy) initiative in Finland represents a particularly
ambitious example of this development. Unlike a conventional
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retrospective registry, KaSARi is designed as a prospective
national infrastructure integrated into routine clinical
workflows, linking DICOM-RT data with toxicity and patient-
reported outcomes [3]. The framework aims to provide a
sustainable foundation for nationwide outcome evaluation,
harmonization of radiotherapy practices, and future develop-
ment of predictive and Al-based methods. In Denmark, a
national collaboration has focused on patient safety through
systematic analysis of adverse events, resulting in an updated
framework for classification and risk assessment of unintended
incidents in radiotherapy [4]. Beyond improving consistency in
reporting, the initiative provides a mechanism for shared learning
across institutions and illustrates how quality improvement
increasingly relies on structured national collaboration rather
than local experience alone. These efforts illustrate how future
progress in medical physics will depend on robust infrastructures
for collecting, standardizing, and actively using clinical data in
practice.

As radiotherapy becomes increasingly advanced and data
driven, greater attention must be paid not only to technical
capabilities but also to their limitations, uncertainties, and
clinical consequences. Several contributions highlighted the
increasing complexity of modern radiotherapy and the need to
evaluate both performance and robustness. Advances in MRI-
based segmentation demonstrated that future clinical adoption
of Al depends not only on geometric accuracy but also on the
ability to identify when predictions are uncertain [5]. The study
showed that improved uncertainty assessment and calibration
can increase confidence in automated contouring by high-
lighting regions where manual review may be warranted,
thereby supporting safer integration of Al into clinical radio-
therapy workflows. A similar focus on uncertainty extends to
other parts of the treatment chain. Differences between dose
calculation algorithms become increasingly relevant as treatment
plans grow more complex, underscoring the importance of
understanding algorithm-specific limitations when evaluating
highly modulated techniques [6]. In parallel, a comparison of
volumetric modulated arc therapy and three-dimensional
conformal radiotherapy for whole-breast treatment including
simultaneous boost demonstrated improved dose conformity
with VMAT but also illustrated trade-offs in organ-at-risk doses,
emphasizing that more advanced techniques do not automat-
ically translate into overall clinical benefit and must be evaluated
in terms of clinical balance [7].

The interplay between complexity and reliability was also
evident in quality assurance and dosimetry studies. An
evaluation of starshot methods for isocenter size determination
showed that EPID-based approaches can achieve comparable
accuracy to traditional film-based approaches. Importantly, the
work also demonstrated that the choice of beam collimation
influenced the estimated isocenter size, highlighting how
quality assurance results may depend not only on machine
performance but also on the methodology used for assessment
[8]. In ophthalmic brachytherapy using '*I seeds, accurate dose
verification remains challenging because of the steep dose
gradients and short source-to-detector distances involved [9].

These findings serve as a reminder that improvements in
treatment precision must be matched by equally rigorous
approaches to dosimetry and quality assurance. In highly
localized treatments such as ophthalmic brachytherapy, even
small measurement uncertainties may have a substantial impact
on dose verification. Efforts toward more individualized
treatment approaches were also reflected in radionuclide
therapy, where pre-treatment prostate-specific membrane
antigen positron emission tomography imaging was explored
as a means of estimating absorbed doses during subsequent
77Lu PSMA therapy [10]. While substantial variability remained,
particularly for tumor lesions, the results illustrate ongoing
efforts to move toward patient-specific treatment planning in
molecular radiotherapy.

Proton therapy has featured prominently at previous NACP
meetings [11-13], yet in 2026 only two contributions were
presented: clinical implementation of a dual-energy CT workflow
[14] and the Norwegian Proton and Radiotherapy Registry [15].
With proton therapy centers now operational in Sweden,
Denmark, and Norway, one might have expected a wider range
of collaborative projects and data-sharing initiatives to be
represented. The relatively limited representation of proton
therapy may indicate that many ongoing collaborative activities
are now being communicated through dedicated proton
therapy networks, reflecting the maturation of the field within
the Nordic region.

Summary

In summary, the radiotherapy contributions at NACP 2026
reflect a field in transition. The key challenges are shifting from
the development of technologically advanced solutions to their
implementation, evaluation, and refinement in clinical practice.
This includes systematic learning from previous treatments,
structured follow-up of patient outcomes, and the growing use
of clinical data to guide decision-making. The increasing inte-
gration of data-driven approaches and Al-based models further
supports the move toward more individualized and adaptive
treatment strategies. In this context, the role of medical physi-
cists is evolving toward a broader clinical and integrative role.
This development places new demands on the profession, not
only in clinical practice but also in education and training, which
must adapt to prepare future physicists for these expanded
responsibilities. At the same time, it remains essential that
this broader role is grounded in the core principles of medical
physics and radiation science.

Acknowledgements

NACP 2026 was financially supported by the Acta Oncologica
Foundation.

Conflicts of interest

The authors report there are no competing interests to declare.



Data availability statement

N/A.

References

[1]

[2]

Paradis KC, Appelt AL, Bentzen SM, Chng N, Covington EL, Dawson
LA, et al. Reirradiation Collaborative Group (ReCOG) consensus on
standards for dose evaluation and reporting in patients with mul-
tiple courses of radiation therapy: an AAPM/ACRO/ASTRO/CARO/
COMP/CADRA/CPQR/ESTRO/NRG-endorsed consensus statement.
Lancet Oncol. 2026;27(2):e101-10. https://doi.org/10.1016/51470-
2045(25)00562-5

LongKrogh S, Brink C, Laugaard Lorenzen E, Samsge E, Richter Vogelius
|, Zukauskaite R, et al. A national repository of complete radiotherapy
plans: design, results, and experiences. Acta Oncol. 2023;62(10):1161-
8. https://doi.org/10.1080/0284186X.2023.2270143

Seppéld J, Tengstrom M, Korkalainen H, Virén T, Honkanen JTJ,
Nikkinen J, et al. KaSARi: a national framework for standardized,
automated, and predictive radiotherapy in Finland. Acta Oncol.
2026;65:430-6. https://doi.org/10.2340/1651-226X.2026.45682
JakobsenKL, Jakobsen AR, Gottlieb KL, Berg M, Spejlborg H, Biancardo
SBN, et al. An updated system for categorising and reporting unin-
tended incidents in radiotherapy at a national level. Acta Oncol.
2026;65:416-21. https://doi.org/10.2340/1651-226X.2026.45699
Kallehauge JF, Ren J, Lassen-RamshadY.Improving confidence in MRI-
based auto-segmentation via uncertainty assessment. Acta Oncol.
2026;65:406-11. https://doi.org/10.2340/1651-226X.2026.45685
Terzidis E, Nordstrom F, Gustafsson M, Karlsson A, Gotstedt J, Back A.
Dose calculation errors for volumetric modulated arc therapy plans
of various complexity. Acta Oncol. 2026;65: 614-623. https://doi.
0rg/10.2340/1651-226X.2026.45698

Johansson G, Kojoj R, Surdashi S, Olin M, Fredén E, Sen P, et al.
Evaluation of 3D-CRT vs. VMAT for radiotherapy of whole breast
with simultaneous integrated boost. Acta Oncol. 2026;65: 543-552.
https://doi.org/10.2340/1651-226X.2026.45677

[10]

[11]

[12]

[13]

[14]

[15]

ACTA ONCOLOGICA 654

Honkanen A-P, Kulmala A. Starshot field configuration in the linac
isocentre size determination: a comparison of film and electronic
portal imaging device measurements. Acta Oncol. 2026;65: 557-560.
https://doi.org/10.2340/1651-226X.2026.45692

Rintala A, Reijonen V, Valve A, Tenhunen M. Validation of absolute
dose calculation of a single 125I-seed for ophthalmic brachytherapy
within distance range 1-15 mm using a diode detector. Acta Oncol.
2026;65:511-7. https://doi.org/10.2340/1651-226X.2026.45688
Kokkonen S, Reijonen V, Hippeldinen E, Ahtiainen V, Schildt J, Sipila
O, et al. Preliminary feasibility of pre-treatment F-18-PSMA-1007
PET/CT in dose prediction for Lu-177-PSMA-I&T therapy. Acta Oncol.
2026;65: 609-613. https://doi.org/10.2340/1651-226X.2026.45700
Reonde HS, Kallehauge JF, Kronborg CJS, Nyvang L, Rekstad BL,
Hanekamp BA, et al. Intensity modulated proton therapy plan-
ning study for organ at risk sparing in rectal cancer re-irradiation.
Acta Oncol. 2021;60(11):1436-9. https://doi.org/10.1080/02841
86X.2021.1953139

Brincker M, Jensen |, Ann Rechner L, Anne Schut D, Stagaard Johansen
T, Nielsen M, et al. Multi-center comparison between proton and pho-
ton plans for mediastinal lymphomas. Acta Oncol. 2023;62(10):1251-5.
https://doi.org/10.1080/0284186X.2023.2251089

Rende HS, Kronborg C, Hayer M, Hansen J, Eppler Bak M, Nielsen
Agergaard S, et al. Dose comparison of robustly optimized intensity
modulated proton therapy (IMPT) vs IMRT and VMAT photon plans
for testicular seminoma. Acta Oncol. 2023;62(10):1222-9. https://doi.
org/10.1080/0284186X.2023.2254925

Pettersson E, Thilander Klang A, Gillies C, Clarke M, Back A. Assessing
accuracy and artefacts in proton stopping power ratio images
across four computed tomography imaging workflows using a
head-sized electron density phantom. Radiat Prot Dosimetry. 2026;
202(3-4):381-92. https://doi.org/10.1093/rpd/ncaf159

Pettersen HES. Norwegian Proton and Radiotherapy Registry
(NORPREG). Helse Bergen HF; 2026 [cited 2026 June O01].
Available from: https://www.helse-bergen.no/avdelinger/kreft-
klinikken/flerregional-behandlingstjeneste-for-protonterapi/
kvalitetsverktoy/


https://doi.org/10.1016/S1470-2045(25)00562-5
https://doi.org/10.1016/S1470-2045(25)00562-5
https://doi.org/10.1080/0284186X.2023.2270143
https://doi.org/10.2340/1651-226X.2026.45682
https://doi.org/10.2340/1651-226X.2026.45699
https://doi.org/10.2340/1651-226X.2026.45685
https://doi.org/10.2340/1651-226X.2026.45698
https://doi.org/10.2340/1651-226X.2026.45698
https://doi.org/10.2340/1651-226X.2026.45677
https://doi.org/10.2340/1651-226X.2026.45692
https://doi.org/10.2340/1651-226X.2026.45688
https://doi.org/10.2340/1651-226X.2026.45700
https://doi.org/10.1080/0284186X.2021.1953139
https://doi.org/10.1080/0284186X.2021.1953139
https://doi.org/10.1080/0284186X.2023.2251089
https://doi.org/10.1080/0284186X.2023.2254925
https://doi.org/10.1080/0284186X.2023.2254925
https://doi.org/10.1093/rpd/ncaf159
https://www.helse-bergen.no/avdelinger/kreftklinikken/flerregional-behandlingstjeneste-for-protonterapi/kvalitetsverktoy/
https://www.helse-bergen.no/avdelinger/kreftklinikken/flerregional-behandlingstjeneste-for-protonterapi/kvalitetsverktoy/
https://www.helse-bergen.no/avdelinger/kreftklinikken/flerregional-behandlingstjeneste-for-protonterapi/kvalitetsverktoy/

ACTA ONCOLOGICA
2026,VOL. 65, 416-421
https://doi.org/10.2340/1651-226X.2026.45699

NACP
2026

MJS

PUBLISHING

ORIGINAL ARTICLE

Anupdated systemforcategorisingandreportingunintendedincidentsinradiotherapy
at a national level

Kirsten L. Jakobsen?, Annette R. Jakobsen® @, Karina L. Gottlieb®
Biancardof @, Bob Smulders? and Heidi S. Rgnde"

, Martin Berg® ®, Harald Spejlborg®, Susan B.N.

2Department of Oncology and Palliative Care, University Hospital Region Zeeland, Naestved, Denmark; "Department of Medical Physics,
Department of Oncology, Aalborg University Hospital, Aalborg, Denmark; ‘Laboratory of Radiation Physics, Department of Oncology,
Odense University Hospital, Odense, Denmark; “Department of Medical Physics, Department of Oncology, Vejle Hospital, Lillebaelt Hospital
- University Hospital of Southern Denmark, Vejle, Denmark; eDepartment of Medical Physics, Aarhus University Hospital, Aarhus, Denmark;
‘Department of Oncology, Copenhagen University Hospital — Herlev and Gentofte, Denmark; 9Department of Oncology, Copenhagen
University Hospital, Rigshospitalet, Copenhagen, Denmark; "Danish Centre for Particle Therapy, Aarhus University Hospital, Aarhus,
Denmark

ABSTRACT

Background and purpose: Radiotherapy is a complex, multistage process that involves collaboration
across professional disciplines (radiographers working in pre-treatment preparation, physicians, physicists,
radiation therapists during planning and treatment. While severe errors are uncommon, they can have
profound consequences for patients. The Danish Society for Medical Physics supports a Special Interest
Group dedicated to improving patient safety by analysing unintended events (UEs) and near misses
in radiotherapy. Here we report on the work conducted with an updated system for categorising UEs in
radiotherapy in Denmark.

Material and methods: An updated reporting system based on the English Radiotherapy Pathway
Coding (RPC) system has been taken into use in 2025. This system, including the use of a Danish system that
ranks the UEs from the patients perspective, called Patient Centred Coding, is outlined and UEs reported
in 2025 are summarised.

Results: Radiotherapy is generally a safe treatment modality, a conclusion further supported by our results
from 2025. In 2025 only 339 UEs were reported, 315 of these with low risk and 24 with medium risks. The
lesson learned is that the main focus in order to prevent the most harmful UEs should be on the delineation
and the planning process.

Interpretation: Based on our experience from this work, we recommend the development of a national
system for categorising and ranking UEs. We further recommend establishing a national working group
that meets regularly and focuses on UEs at a national level.
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Introduction . .
errors can potentially affect the clinical outcome of numerous

Radiotherapy is one of the most widely applied treatment
modalities for cancer both as a primary intervention and as
adjuvant therapy. In Denmark approximately 47,000 individu-
als are diagnosed with cancer every year and an estimated
50% receive at least one course of radiotherapy [1]. Despite its
complexity and the involvement of multiple professional disci-
plines (radiographers (pre-treatment preparation), physicians,
physicists and radiation therapists (RTTs), radiotherapy is gen-
erally regarded as a safe treatment modality, with a low num-
ber of reported unintended events (UEs) [2]. While most UEs in
radiotherapy have minor effects and do no harm to the patients
involved, there still may remain a risk for UEs leading to serious
patient consequences. Especially those UEs related to, for
example, malfunctions of equipment and systematic human

patients.

Given these considerations, systematic efforts to ensure
patient safety are essential. In Denmark, this work is supported
by the ‘Danish Patient Safety Database’ (DPSD) [3], which
provides an established infrastructure for reporting UEs across
the entire healthcare system in general as confirmed in the
Danish health act [4]. However, DPSD is a general healthcare
reporting system, which does not let users categorise UEs into
radiotherapy-specific sub-categories. This makes systematic
monitoring, reporting and comparisons within radiotherapy
difficult. Thus, analysis of patient safety within Danish
radiotherapy calls for an additional system for categorisation
and description of UEs. National systematic reporting enables
continuous monitoring of safety issues across Danish
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radiotherapy centres and creates the empirical basis necessary
for analysing error patterns. This approach allows for the
identification of system vulnerabilities and facilitates the
implementation of targeted preventive measures. Strengthening
the reporting culture and ensuring consistent documentation
of UEs are therefore crucial steps towards reducing the frequency
of such events and maintaining a high level of patient safety in
radiotherapy.

In 2012, the Danish Cancer Society established a working
group to evaluate the safety of radiotherapy nationally. A
literature review and international comparison highlighted the
Radiotherapy Pathway Coding system (RPC) developed in the
United Kingdom [5], which was subsequently adapted for use in
the Danish context. Patient representatives participating in the
working group identified a need to complement the RPC system
with a Patient Centered Code (PCC) framework.

As a direct outcome of the 2012 national meeting, a Special
Interest Group (SIG) on Patient Safety in radiotherapy was
established under the auspices of the Danish Society for
Medical Physics (DSMF) in 2017. Although case sharing
continued, the group’s activity over the subsequent years was
intermittent, with limited engagement and irregular,
informally structured meetings. In 2022, the remaining active
members undertook a structured revitalisation of the initiative,
formalising its governance, establishing terms of reference,
and reconstituting the SIG into its current form. Since the SIG
was established under DSMF (whose members comprise solely
physicists) and today still reports to the DSMF board, the
group has historically not been multidisciplinary. Even so, the
SIG has now been expanded to include both RTTs,
radiographers and medical physicists; a radiation oncologist
representative has not yet been recruited to the national
group although physicians are active in all local groups. As
documented here there is a long tradition and legal
requirement in Denmark for reporting UEs. In the later years
the importance of this is recognised globally and more and
more countries are working in the same direction [6-9].

The SIG has developed an updated RPC system tailored to
current radiotherapy-practices in Denmark. The result of this
work is presented in this article along with the PCC scoring
exemplified by the UEs from 2025.

Material and methods

DPSD is a system that surveys the safety of the total healthcare
system in Denmark. Employees are obliged to report both
actual and potential (near misses) serious and lethal UEs,
including UEs with a learning potential. This can be done anon-
ymously. From DPSD the case is transferred to the specific
department of origin. Each radiotherapy centre has a multidis-
ciplinary panel that reviews the UEs and ensures learning from
relevant cases. Importantly, the DPSD is a non-sanctioning
environment.

A UE report in DPSD contains a free text description and a risk
evaluation. Thus, all UEs and near misses are registered with an
actual consequence and a potential consequence. These are

Table 1. Risk scoring when reporting UEs in DPSD.

Actual consequence Potential consequence Combined risk
None/unknown + None = Low
None/unknown + Minor/Moderate = Low
None/unknown + Serious = Medium
None/unknown + Lethal = High
Minor/moderate + Minor/moderate = Low
Minor/moderate + Serious = Medium
Minor/moderate + Lethal = High
Serious + Serious = High
Serious + Lethal = High
Lethal + N/A = High

The first and second columns refer to the actual and potential consequence
of the UE under consideration. The combination of these two leads into a
combined risk shown in the third column. UE: unintended events; DPSD:
Danish Patient Safety Database.

then merged to the combined risk of the event (Table 1).

While reviewing the UE categories provided in the RPC
system, it became evident that the original set of 21 UE origins
was no longer up-to-date. A closer analysis of the current
radiotherapy workflow resulted in an updated RPC system with
14 categories (Table 2). These range from room design to
handling of side effects. All 14 categories have been divided into
sub-categories giving a total of 150 sub-categories (See
Supplementary Material). The subdivision enables a more
precise analysis of where in the processes UEs occur and focuses
the work towards preventing UEs even more. Naturally, such
subgroup analyses are only feasible when sufficient data are
available to ensure statistical significance.

The PCC scores the potential risk for the patient, with low
scores corresponding to high perceived risk. The most severe
effect for a patient would be an impact of the UE on the treated
volume. This would affect the tumour control probability, risk of
side effects, or both. A UE affecting the follow-up would be of less
harm as seen from the patient perspective, leading to a higher
PCC score. The framework of the PCC is outlined in Table 3.

Table 2. The Danish RPC-coding anno 2025 consists of 14 items.

Process code  Activity description

0 Room design

1 External visitation and referral

2 Internal visitation and referral

3 Doctors’appointment

4 Booking process (pretreatment and treatment)
5 Fixation before and at scanner

6 Scanning

7 Image handling

8 Delineation

9 Dose planning

10 Independent checks

11 Treatment

12 Medication/concomitant treatment
13 Handling of side effects

RPC: Radiotherapy Pathway Coding.
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Table 3. The Danish patient centered code (PCC) system consists of 10 items.

Item Impact area

Treatment volume
Dose/fractionation
Waiting time/treatment delay
Concomitant treatment
Technical equipment
Independent checks
Communication/documentation
Patient experience communication/documentation
Follow-up
0 Other

The lower the number, the greater the effect on the patient as seen from the
patient’s perspective.

= O 00 N O U1 b W N =

Results

Anonymised UE data including PCC and RPC, patient actual and
potential harm, and combined overall risk from each of the
eight Danish radiotherapy centres reported in 2025, where
more than 240,000 external radiotherapy fractions were given,
were collected. In total 339 UEs were reported: 315 incidents
with low and 24 incidents with medium combined patient risk.
This is comparable to the numbers in 2024: 315 UEs, 299 inci-
dents with low risk, 15 with medium risk and 1 with high risk. As
we have changed the RPC system the categorisation cannot be
compared directly between the 2 years.

Figure 1 shows the distribution of UEs across the various
steps in the radiotherapy workflow. Events most frequently
(27%) originate in the treatment process, which is likely due to
the multiple number of fractions compared to the single
instance of planning and simulation stages. However, a
considerable number of UEs are also reported during scanning
(13%), delineation (9%) and treatment planning (12%).
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While Figure 1 demonstrates in which workflow steps there
may be room for improvements, it yields no information on
the severity of the UEs as seen from a patient perspective. This
information is provided by the PCC data. Figure 2 shows the
ranking of the UEs in the PCC system. It is seen that the largest
number of UEs (n = 83, 24%) is found in category 1 (treatment
volume), which are also the UEs carrying the highest risk seen
from the patients’ point of view. In order to find the
RPC categories where UEs with the most harmful potential
originate, all UEs with PCC category 1 were categorised by the
RPC system. Figure 3 demonstrates that most UEs affecting
treatment volume originate in delineation (n = 27, 33%) and
treatment (n = 25, 30%).

Discussion and conclusion

Learning from reported UEs is essential within radiotherapy,
where errors can lead to serious harm to patients. A prerequisite
to learning is a system supporting the reporting itself, a mean-
ingful categorisation of the UEs, and last but not least presenta-
tion of the collected data to all staff members contributing to
the radiotherapy course. In Denmark the reporting system was
already present, but a standardised, contemporary national
radiotherapy-specific system for categorising UEs was missing.
This has now been developed and implemented.

During the analysis of the UEs in 2025 the SIG had access to
UEs on an institutional level. In order to maintain the anonymity
of the centres only the collective results are presented in this
paper.

The UEs and their distribution patterns were found to be very
similar across the eight Danish departments, even though both
their software (Oncology Information Systems, Treatment

Room design

External visitation and referral
Internal visitation and referral
Doctors appointment

Booking process (pretreatment and treatment)
Fixation before and at scanner
Scanning

Image handling

Delineation

Doseplanning

Independent checks

Treatment

Medication / concomitant treatment

Handling of side effects
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Figure 1. Unintended events categorised in RPC. RPC: Radiotherapy Pathway Coding.
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Planning Systems) and hardware (computer tomography [CT],
magnetic resonance imaging [MRI], linear accelerators) differ.
This was very encouraging since it supports the idea that clinics
can learn from each other in spite of differences in their
technological set-up. The PCC and updated RPC categorisations
generate more detailed knowledge on wherein the radiotherapy
process UEs occur and how severe they are. This makes it
possible to focus efforts where it yields the highest value, for
example, on multiple similar UEs or UEs with high impact on
patient safety.

No UEs with a high risk score were reported, indicating that
no events with serious or lethal consequences occurred in
2025. This suggests that radiotherapy in Denmark remains a
safe treatment modality. The error rate of 1.4 per 1000
treatments is comparable to the rate of 1.3 per 1000 found by
Smith et al. [10].

Based on the reported distribution of UEs (Figures 1 and 2) it
seems relevant to focus efforts around the pre-treatment
workflow steps; delineation, prescription and dose planning.
Errors in these processes may systematically influence the entire
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Figure 3. Origin in the RPC system for unintended events in PCC category 1 (Treatment volume). PCC: patient centered code; RPC: Radiotherapy Pathway

Coding.



treatment, as opposed to an error occurring only once in the
course of multiple treatment fractions. By having a national
system to report UEs, improvements are based on statistics, and
not ‘feelings, and a common language has evolved. Experience
has shown that it is important to maintain regular meetings
with participants from across the country; otherwise these
common agreements tend to evolve in different directions.

One of the limitations of any reporting system is the risk of
under-reporting of UEs. In Denmark this work is supported by
the law [11]. This means local management supports allocating
resources to the task of collecting and disseminating the data.
Furthermore, a non- sanctioning system with optional
anonymous reporting promotes higher reporting rates and
leads to stronger organisational learning. A system built as
described in this work is known to increase the numbers of
reported UEs [12].

In general, there is an expected under-reporting primarily
on the less severe UEs and on ‘busy days' Since the employee
who identifies a UE is also the one responsible for reporting it,
RTTs report more UEs than other staff members. This is partly a
consequence of the large number of tasks they perform
throughout the treatment course. It is also related to the
numerous procedures that take place before RTTs encounter
the patient for treatment. At each of these stages, there is a
potential for a UE to occur [13].

Literature can be found on accidental exposures and overall
design of an Incident Learning System [14-17]. In a busy clinic
an easy and fast system for registration of the UEs is essential. To
maintain the commitment to continuous reporting it is relevant
to have a national system to obtain relevant feedback.
Contemporary radiotherapy is more complex than ever with lots
of tasks and information going back and forth between different
professional groups - based on our work we believe the
combination of an updated RPC and PCC highlights the areas of
greatest impact for patient safety.

Over time when data mature more, comprehensive analysis
will be made regarding treatment quality on a national and
institutional level. The SIG plans to ask all members to score the
same UEs in order to explore the consistency across centres. To
ensurethebestlearningfor patientsafetyitis highlyrecommended
that all professions are represented in the local UE panels.

To conclude, the updated Danish system of Patient Centered
Code and RPC to report and track (systematic) UEs is
recommended. Furthermore, it is strongly recommended for
each country to align RPC with local workflow to obtain local
site-specific insights into areas requiring improvement.
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ABSTRACT

Background and purpose: National radiotherapy (RT) data infrastructures are emerging to support
treatment quality assurance and outcome research. However, prospective nationwide integration of full
DICOM-RT data with toxicity and patient-reported outcome measures (PROMs) remains uncommon.
KaSARi (Key advances in Standardizing, Automating, and predicting Risks in RT) was established to create
national research infrastructure for prospective RT data collection and integration in Finland.

Materials and methods: KaSARi is a prospective, consent-based multicenter cohort infrastructure involv-
ing Finnish university and central hospitals. All adult patients receiving RT are eligible. DICOM-RT datasets
from treatment planning and oncology information systems are linked to clinician-graded toxicity, PROMs
and relevant clinical variables. The infrastructure builds on previously validated multi-institutional DICOM
workflows and follows FAIR (Findable, Accessible, Interoperable, Reusable) data principles. Predefined
work packages support data harmonization, scalable data processing and enable downstream applica-
tions such as Al-based segmentation, dose prediction, and outcome modeling.

Results: Patient recruitment started in May 2025. By February 2026, 221 patients had been enrolled at
the coordinating center, initially including breast cancer patients and subsequently expanding to all RT
indications. Recruitment at a second center began in November 2025, with 37 patients enrolled. The infra-
structure is projected to include approximately 29,000 patients over 15 years. Integration of dosimetric,
clinical and PROM data is progressing through a phased national implementation as additional centers
join the network.

Interpretation: KaSARi represents a national infrastructure prospectively integrating full DICOM-RT data-
sets with clinician-graded toxicity and PROMs across all RT indications within a unified research protocol.
The study provides a foundation for nationwide outcome modeling, harmonization of RT practices and
development and validation of data-driven Al-based methods.
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Introduction -
across treatment centers to facilitate large-scale research,

Radiotherapy (RT) is one of the most data-intensive modalities
in oncology, generating high-resolution image data, detailed
structure delineations, 3D-dose distributions and RT plans for
every treated patient. In principle, these data provide a rich
source of information for evaluating treatment quality, studying
dose-response relationships, and supporting the development
of improved treatment strategies. However, in routine clinical
practice, the data is typically stored locally within institutional
systems and rarely centralized or systematically combined

benchmarking, or standardization of clinical practices. Conse-
quently, although RT continues to deliver excellent treatment
outcomes for many cancer types, the systematic investigation of
outcomes in the era of modern RT remains relatively limited. The
linkage between delivered dose, clinical decision-making and
individual patient outcomes is therefore inconsistently imple-
mented and remains incomplete [1].

Three structural limitations hinder data-driven optimization
of RT. Firstly, target delineation remains variable across clinicians
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and institutions and the prospective linkage between
contouring practices and clinical outcomes remains absent in
routine clinical practice [2, 3]. Secondly, standardized dose
prescriptions do not ensure uniform dose distributions.
Substantial inter- and intra-institutional variability in target
coverage and organ-at-risk exposure has been consistently
demonstrated, even when identical clinical prescriptions are
applied [4, 5]. Thirdly, reliable individual-level prediction of
toxicity, recurrence and survival remains limited. Current
predictive models rarely integrate voxel-level dose data,
systemic therapy exposure, comorbidities and patient-reported
outcome measures (PROMs) within a unified framework [6, 7].

In Denmark and Sweden, national RT infrastructures
(DcmCollab and SKvaRT) have addressed important aspects of RT
data harmonization [8, 9]. However, Finland has lacked a
prospective framework integrating complete DICOM-RT datasets
with structured outcome collection. RT data in Finland have
historically been stored locally within institutional firewalls, with
limited cross-center integration due to technical heterogeneity,
governance structures, and data protection constraints. This
decentralized landscape has restricted the development of large-
scale datasets necessary to support systematic multi-center
research and infrastructure-level standardization.

KaSARi (Key advances in Standardizing, Automating, and
predicting Risks in RT) was established to fill this gap as a
prospective, consent-based national RT research infrastructure.
The primary aim of KaSARi is to design, implement and deploy
a standardized framework for prospective, multicenter RT
data integration in Finland. Rather than functioning solely as
a registry or a single outcomes study, KaSARi is structured
as a research protocol-driven platform that integrates
comprehensive DICOM-RT datasets with structured clinical data,
clinician-graded toxicity, and PROMs collected during routine
care from patients treated with modern RT techniques. The
infrastructure enables systematic aggregation of imaging,
treatment planning, dose, and outcome data within a harmonized
framework and supports scalable multicenter analyses. This
platform further enables downstream applications, including
outcome modeling and Al-based method development, as use-
cases of the infrastructure rather than primary endpoints of this
work. To our knowledge, no previous national initiative has
prospectively integrated full DICOM-RT datasets, clinician-graded
toxicity and PROM s for all RT indications under a unified study
protocol.

Material and methods

In Finland, RT is delivered in 12 cancer centers distributed
nationwide, within five university hospital catchment areas.
National coordination, harmonization and strategic develop-
ment of cancer care are conducted through the Finnish Cancer
Center (FICAN) network [10]. The Finnish Cancer Registry (FCR),
established in 1952, provides population-based incidence and
mortality data with national coverage [11, 12]. However,
RT-specific information within the FCR and disease-specific reg-
istries remains limited and typically includes only treatment

intent, start and end dates, and the total prescribed dose.
Detailed dose distributions, structure sets and reported toxicity
or PROMs are not systematically integrated at the national level.

KaSARi was established to address these limitations by
creating a harmonized national infrastructure for standardized
RT data integration and research utilization. KaSARi is a
prospective, multicenter cohort infrastructure designed to
collect standardized RT data from all consenting patients treated
with RT at participating Finnish centers. The study functions as a
long-term national research infrastructure rather than a single
clinical trial, enabling multiple sub-studies within defined
research work packages. This manuscript focuses on the design,
implementationand early-phase deploymentoftheinfrastructure,
rather than reporting clinical or predictive outcomes.

All adult patients receiving RT at participating centers are
eligible for inclusion upon provision of written informed
consent. No diagnosis-specific exclusion criteria are applied.
With incremental inclusion of centers, approximately 29,000
patients are projected to be enrolled over 15 years, reflecting
nearly all RT-treated diseases in Finland.

Data collection and integration framework

Original DICOM-RT datasets (RT Dose, RT Structure Set, RT
Plan and treatment delivery summaries) are extracted from
local treatment planning system (TPS)/oncology information
system (OIS) environments. Data extraction is performed
within institutional secure networks in compliance with
Finnish and EU data protection regulations. Once the data are
extracted, it is also pseudonymized (Figure 1). Structure
nomenclature is harmonized using a standardized naming
convention aligned with internationally recognized stand-
ards (AAPM TG-263) [13]. In cases where local naming devi-
ates from the standard, structure labels are mapped to a
unified nomenclature using predefined translation rules.
Automated and semi-automated quality control procedures
are implemented to detect inconsistencies in structure defi-
nitions, missing, or incomplete data.

The technical foundation of KaSARi builds upon earlier
national development work. In 2019, an automated multi-
institutional target delineation workflow was implemented
across Finnish RT centers and presented at ESTRO 2019 [14].
That system included secure pseudonymization gateways,
DICOM transfer via integration platforms, and centralized
autosegmentation services operating within hospital firewalls.
The successful implementation of this cross-center workflow
demonstrated the feasibility of secure DICOM handling and
multi-institutional data exchange within the Finnish RT
environment. The architectural principles and secure data-
transfer mechanisms developed in that project form part of the
technical backbone of the current KaSARi infrastructure.

Objectives

The primary objective of KaSARi is to establish a nationwide,
standardized research infrastructure and repository for the
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Figure 1. KaSARi data flow from hospital-level pseudonymization to national anonymized repository and research use. QA: quality assurance.

prospective collection and integration of RT imaging, 3D-dose
distributions, and clinical outcomes across participating
centers (Figure 2). By establishing this unified framework, the
infrastructure aims to facilitate large-scale evaluation of treat-
ment delivery, outcomes, and practice patterns in modern RT.

In addition to establishing the infrastructure, KaSARi entails
secondary research applications enabled by the platform.These
are divided into three research objectives:

1. To develop and validate Al-based segmentation and treat-
ment planning tools (i.e. dose prediction and automated
planning) using real-world clinical datasets.

2. To model treatment-related toxicity and quality of life
(Qol) outcomes to support data-driven normal tissue
complication probability (NTCP) prediction, while account-
ing for the interactions between RT, systemic therapies,
comorbidities, and baseline patient-reported health status.

| B

* Multimodal imaging
data (CT, MRI, PET)

* Delineation of target
volumes and organs at
risk

Imaging data

N—  —  Dew— w—

3. Tofacilitate federated learning and structured collabora-
tion both nationally and across Nordic RT infrastructures.

Participating centers and governance

The consortium currently includes, Kuopio University Hospital
(KUH, coordinating center), North Karelia Central Hospital
(PKKS), Oulu University Hospital (OYS), Tampere University
Hospital (Tays), Turku University Hospital (Tyks) and University
of Eastern Finland (UEF, data science partner). KaSARi operates
under a national consortium agreement that defines the com-
mon governance, data-sharing principles, and operational
framework of the infrastructure. All 12 Finnish municipal RT
centers are eligible to join through formal accession to this
agreement. This structured yet open model supports nation-
wide representativeness across diverse RT platforms, clinical
workflows and patient populations.

™

Figure 2. Multimodal data framework of KaSARi, linking baseline clinical variables, imaging and dose data, treatment monitoring, and longitudinal toxicity
and quality of life (QoL) outcomes for predictive modeling. CT: computed tomography; MRI: magnetic resonance imaging; PET: positron emission tomogra-
phy; CBCT: cone-beam computed tomography; kV: kilovolt imaging.
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Results

The research protocol received ethical approval in April 2024
from the Medical Research Ethics Committee of the Wellbeing
Services County of North Savo (23/2024). The approval covers
the multicenter study framework and allows participating
centers to join the study through the national consortium agree-
ment. The following results describe the implementation status
and early deployment of the infrastructure, rather than clinical
or predictive outcomes.

Patient recruitment started at KUH on May 13, 2025, initially
including breast cancer patients only. By the end of 2025, 106 of
206 eligible breast cancer patients had been enrolled,
corresponding to a recruitment rate of 51%, demonstrating
feasibility of prospective consent-based recruitment within
routine clinical workflows, with stable recruitment rates
observed during early scaling. Among enrolled patients, 59%
completed electronic PROM questionnaires, reflecting early-
stage PROM integration within the infrastructure. At the
beginning of 2026, recruitment was expanded to include all RT
patients at the coordinating center. By the end of February 2026,
atotal of 221 patients had been enrolled. During the subsequent
period from February to March 2026, recruitment continued at a
comparable level, with 111 patients enrolled out of 238 RT-treated
patients at the coordinating center, corresponding to a
recruitment rate of approximately 47% during this early expansion
phase. The diagnostic distribution reflects routine clinical practice
and includes breast, prostate, lung, and other RT-treated diseases.

Recruitment at Tyks began on November 2025, initially
focusing on breast cancer patients. Since initiation, 37 patients
have been enrolled, representing approximately 25% of eligible
breast cancer patients during the recruitment period. Expansion
to additional treatment sites at Tyks is planned. Progressive
inclusion of additional Finnish RT centers is ongoing.

Implementation has proceeded in phases to establish
recruitment pathways and demonstrate the feasibility of
centralized data collection prior to nationwide expansion,
reflecting the staged deployment of the infrastructure rather than
finalized system maturity. Local data intake is fully operational at
the coordinating center, while data intake procedures are being
established at participating hospitals. Two additional Finnish RT
centers are currently in the process of joining the consortium, and
patient recruitment is scheduled to begin shortly in two further
hospitals already involved in the network.

The data pipeline has now been successfully established,
confirming technical feasibility of standardized multicenter data
integration. DICOM-RT datasets are exported from the TPS and
OIS to a pseudonymized local intermediate database. Following
local validation, the datasets are anonymized and transferred to
the national KaSARi repository hosted within a controlled-access
research environment at KUH (Figure 1). Metadata, clinical toxicity
data, and PROM:s are linked via identifiers, enabling longitudinal
follow-up across the treatment trajectory, with harmonization
procedures applied to ensure consistency of structure definitions,
toxicity grading, and PROM datasets across centers.

PROM collection has been successfully integrated at KUH
and will be expanded to other participating centers, with current
participation rates reflecting early-phase implementation and
are expected to improve with workflow standardization and
broader system integration. PROMs are collected digitally
whenever feasible using validated standardized instruments,
including the European Organisation for Research and Treatment
of Cancer (EORTC) QLQ-C30 [15]. Questionnaires are
administered at predefined time points before, during, and after
treatment, enabling temporal correlation between delivered
dose metrics and patient-reported toxicity. Information on
systemic medication, comorbidities, blood sample data, tissue
samples, and physician-assessed toxicities is recorded within
the OIS and linked to the corresponding DICOM-RT datasets.

Each complete RT dataset, including imaging, dose
distributions, and structure sets, averages approximately 0.5-1
GB per patient. With progressive national expansion, annual data
growth is projected to reach several terabytes. Scalable and
secure storage is implemented within the Finnish national
research data infrastructure, ensuring compliance with data
protection regulations while enabling controlled research access.

Discussion and conclusion

Despite the increasing availability of detailed digital RT data,
systematic infrastructures linking treatment delivery, dose dis-
tributions, and clinical outcomes remain limited in many health-
care systems. In particular, large-scale integration of 3D-dose
information, structure delineations, and longitudinal PROMs has
been inconsistently implemented, restricting opportunities for
comprehensive evaluation of treatment practices and outcomes
in modern RT. KaSARi was established to address this gap
through a national, prospective collection of DICOM-RT data
linked with clinician-graded toxicity and PROMs under a unified
national governance framework within Finland. Unlike regis-
try-driven infrastructures, KaSARi operates as a research proto-
col-based architecture, enabling prospective harmonization of
technical dose data and clinical outcomes. This work describes
the infrastructure and its early implementation, rather than
reporting outcome analyses derived from the dataset.

A major strength of KaSARi is its prospective design. Data are
collected under a standardized informed consent and
harmonized nationally. This prospective approach allows
consistent data collection, thereby reducing the risk of missing
or incomplete data that often limits retrospective analyses. In
addition, prospective governance enables continuous
refinement of data collection procedures, allowing new
variables, outcome measures, or technical parameters to be
incorporated in a coordinated manner across centers as clinical
practice evolves. This flexibility facilitates the systematic
harmonization of datasets and ensures that the infrastructure
remainsaligned withemerging research needsandtechnological
developments.

Another major strength of KaSARi is the integration of
technical RT data with both clinician-assessed toxicity and



PROMs, although current PROM completeness and consent-
based inclusion introduce potential limitations in represen-
tativeness that require consideration in downstream analyses.
By linking 3D-dose distributions and structure data with
longitudinal clinical and patient-reported outcomes, the
platform enables detailed investigation of dose-response
relationships and supports development of NTCP models that
incorporate both clinical toxicity grading and patient-centered
outcomes. Finally, methodological development, including Al-
based approaches, is embedded within the infrastructure and is
presented here as an enabled application of the platform rather
than a primary outcome of this study. Activities such as
validation of autosegmentation methods, development of dose
prediction and automated planning approaches, and dose-
based predictive modeling are incorporated as predefined
research work rather than retrospective secondary analyses.
Embedding these activities within the prospective data
collection framework enables systematic evaluation of new
methods using harmonized multicenter datasets while
maintaining close integration with routine clinical workflows.

The consent-based design and incomplete PROM
participation introduce potential selection bias that should be
considered in future analyses. Patients providing informed
consent may differ systematically from non-participants (age,
performance status, comorbidity burden), while PROM
completion may depend on symptom severity, patient
engagement, or technical accessibility, leading to non-random
missingness. These factors may affect representativeness and
bias downstream analyses, particularly in predictive modeling
and Al development.

The observed recruitment rate (~50%) and PROM
completion rate (~60%) reflect an early implementation phase
of the infrastructure. Contributing factors include variability in
the integration of consent procedures into clinical workflows,
patient-related characteristics, and logistical aspects related to
the introduction of electronic PROM systems and staff
familiarity with study processes. These factors are largely
modifiable. Ongoing efforts focus on embedding consent
procedures into routine clinical pathways, improving usability
and accessibility of digital PROM platforms, and increasing
staff training and engagement across centers. The prospective
design of KaSARi enables continuous monitoring and iterative
optimization of recruitment and data collection processes.
Accordingly, future analyses will incorporate appropriate
missing data handling and bias-adjustment methods, while
participation rates and data completeness are expected to
improve as workflows become more standardized and
integrated into routine practice.
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Several Nordic initiatives have pioneered national RT data
harmonization. Recent national audit data from Denmark
demonstrate both the increasing complexity of RT practice and
substantial variability in treatment indications and dose
prescriptions, underscoring the need for standardized,
prospective data infrastructures [16]. However, their conceptual
frameworks differ from that of KaSARi (Table 1). DcmCollab in
Denmark provides storage of raw DICOM datasets primarily
derived from clinical trial cohorts. The platform can support
integration with toxicity grading and PROM data, particularly
within structured study settings. This approach offers maximal
flexibility for retrospective dosimetric analyses but is typically
based on study-specific or optional data linkage rather than a
uniformly applied prospective framework. SKvaRT in Sweden
aggregates condensed RT variables for all Swedish patients into
a national quality registry. The primary focus is quality assurance
and clinical benchmarking and data are intentionally limited to
predefined dose-volume descriptors rather than full DICOM
datasets. KaSARi complements these models by prospectively
integrating complete DICOM-RT datasets with clinician-graded
toxicity and longitudinal PROMs within an infrastructure
framework designed to support, rather than directly report,
downstream analytical and predictive studies. In this sense,
KaSARi combines the research-oriented granularity of
DcmCollab with the nationwide coverage ambition of SKvaRT,
while embedding Al development and predictive modeling as
explicit infrastructure objectives. The infrastructure is further
designed to support direct use of harmonized multimodal data
in predictive modeling and Al development without requiring
additional study-specific data integration steps.

Early implementation has highlighted several technical and
organizational challenges. Foremost among these is the need
for sustainable long-term funding for both research activities
and information technology infrastructure. The development
and maintenance of secure data storage solutions and robust
data pipelines require operational continuity that extends
beyond traditional project-based funding models. Secondly,
national consensus on structure naming conventions and data
dictionaries is critical. As observed in other harmonization
efforts, target volumes are more challenging to standardize
than organs at risk. While KaSARi adopts internationally
recognized nomenclature standards (AAPM TG-263) comple-
mented by ESTRO contouring guidelines, there is ongoing
national coordination to maintain semantic consistency as
clinical practices evolve, including iterative updates to resolve
differences in structure definitions across centers.

A specific and important challenge concerns harmonization
of toxicity grading and PROM collection across centers.

Table 1. Comparative overview of the Finnish (KaSARi), Danish (DcmCollab) and Swedish (SKvaRT) national RT data infrastructures.

Feature KaSARi

DcmCollab

SKvaRT

Full DICOM-RT + PROMs
Prospective research protocol
PROM:s, survival, CTCAE, biomarkers
Al & individual risk modeling

Data detail
Collection type
Outcome linkage
Primary goal

Full raw DICOM-RT
Retrospective trial-linked
Trial-specific endpoints
Data fidelity & trial storage

Condensed RT variables
Automated registry extraction
Survival & limited toxicity
Clinical quality monitoring

PROM:s: patient-reported outcome measures; CTCAE: Common Terminology Criteria for Adverse Events.
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Although KaSARi aims to implement common terminology
criteria for adverse events (CTCAE) as the uniform framework for
clinician-graded toxicity, local practices vary. To address this,
shared national guidelines and training will be implemented to
support consistent interpretation and application of CTCAE
across centers. KUH utilizes the Kaiku Health (Elekta, Stockholm,
Sweden) platform for PROM collection [17], whereas other
centers employ locally developed or other electronic health
record systems. To reduce heterogeneity, KaSARi prioritizes the
use of standardized PROM instruments (e.g. EORTC QLQ-C30)
and aims to align data collection timepoints across centers to
ensure comparability of outcomes. This heterogeneity can
affect data comparability and complicates automated
longitudinal analyses. Establishment of standardized electronic
questionnaires and interoperable national interfaces would
therefore be beneficial to ensure consistent PROM acquisition
and seamless database integration. However, the active
multicenter collaboration within the project is expected to
harmonize the clinical practices and enable consistent data
collection even with differing PROM acquisitions. Importantly,
harmonization within KaSARi is implemented as an iterative and
continuous process rather than a one-time standardization step,
with prospective data collection enabling ongoing refinement,
validation and feedback across participating centers.

A critical requirement for the long-term sustainability of
KaSARi is the establishment of stable funding models that
extend beyond traditional project-based research grants. The
development and maintenance of national RT data
infrastructures involve continuous costs related to data storage,
secure computing environments, system maintenance and
dedicated personnel. Currently, KaSARi operates through a
combination of research funding and institutional support.
However, long-term sustainability will likely require integration
of infrastructure funding into national research infrastructure
frameworks and healthcare system funding structures,
supported by coordinated national-level strategies, for example,
through the FICAN.

Although KaSARi is developed within the Finnish
healthcare system, several core design principles support its
transferability to other national contexts. The use of
standardized data formats (DICOM-RT) and adherence to
FAIR (Findable, Accessible, Interoperable, Reusable) data
principles enable interoperability across different technical
environments. The architecture, which combines local data
storage with centralized or distributed analysis, allows
flexibility in implementation depending on national data
governance requirements. In addition, the consortium-based
model provides a scalable governance structure that can be
adapted to healthcare systems with varying degrees of
centralization. However, successful implementation in other
countries would depend on factors such as national data
protectionregulationsandavailability of digitalinfrastructure.
Federated learning approaches may further facilitate
international collaboration by enabling model development
and validation across institutions without the need to transfer
patient-level data.

In the coming years, KaSARi is expected to expand to the
majority of Finnish RT centers with the current work representing
an initial phase in establishing a scalable national infrastructure.
The consortium-based model enables every municipal RT unit
to join under a unified governance and technical framework,
ensuring nationwide representativeness while maintaining
standardized data acquisition. A key priority is the establishment
of a permanent national structure to support harmonization of
RT practices. In parallel, dashboard-based feedback tools will be
implemented to enable real-time benchmarking and support
continuous clinical quality improvement across centers. Further
development includes the implementation of federated
learning pipelines in collaboration with Nordic partners,
enabling the secure exchange and validation of Al models
without the transfer of raw patient-level data. This approach
supports scalable multicenter model development while
preserving data protection and institutional autonomy.

KaSARi will also align with international initiatives on RT data
standardization and FAIR data principles to ensure interoperability,
long-term sustainability, and research reproducibility. As data
standards in radiation oncology continue to evolve, the
integration of KaSARIi variables with structured and harmonized
data models will further strengthen consistency, and enable
further national and international collaboration.

Conclusions

KaSARi is establishing Finland’s first prospective national RT
cohort combining complete DICOM-RT datasets with clini-
cian-graded toxicity and PROM values under a unified research
model. This manuscript describes the design and early deploy-
ment of the infrastructure, which is intended to support future
outcome analyses and predictive modeling. By embedding pro-
spective data collection into routine clinical workflow, KaSARi
provides a sustainable foundation for nationwide outcome eval-
uation, Al-driven treatment optimization, and predictive mode-
ling of radiation-induced toxicity. The infrastructure enables the
harmonization of RT practices throughout Finland while main-
taining the detailed dose data needed for high-resolution
research.

Prospective integration of technical RT data with longitudinal
clinical outcomes is expected to improve the comparability of
treatments, strengthen the development of predictive models
and ultimately support more individualized RT with reduced
toxicity and improved patient QoL.
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ABSTRACT

Background and purpose: Intraocular tumors can be treated with brachytherapy. Dosimetry
of ophthalmic applicators is challenging due to short distance ranges and steep dose gradients.
Measurements are sensitive to the structure of the dosimeter, and correction methods specific to
25]-source are needed for validation measurements of dose distribution.

Material and methods: We measured dose profiles of 125.516 seed using diode detector in a water
phantom at 2 and 5 mm above surface of acrylic (PMMA) and gold backing. Volume averaging effect was
corrected by the ratio of dose calculated with AAPM TG-43 formalism at the center point and the dose
average within the detector element area. The angular sensitivity was measured at a constant radius
around the seed. The effect of gold backing was evaluated from measurements with and without gold slab
behind the seed. Measurements were normalized to calculated value at the distance of 10 mm from the
seed using the air-kerma rate measured with a calibrated well chamber.

Results: 1D/3D gamma comparison pass rates 97% with criteria 0.3 mm/3% and 60% with 0.5 mm/5%
were reached for a seed attached to PMMA and gold, respectively, in the range £ 10 mm.

Interpretation: TG-43 calculated single seed distributions in PMMA were equivalent to measurements
corrected for angular sensitivity and detector area. Gold-to-water ratio corrected calculations were not
similarly comparable, and simple one-dimensional correction method is not accurate enough laterally.
Diode dosimetry with these correction methods can be used for quality assurance and validation of clinical
dose calculation of ophthalmic applicators.

KEYWORDS
lodine-125; diode;
dosimetry; brachytherapy

Introduction
for accurate patient dose calculation the effect of backing is

Intraocular tumors, such as uveal melanoma, can be treated
with ophthalmic brachytherapy. There are many different
designs of ophthalmic applicators, in terms of shape and com-
position of the plaque, radionuclide source employed and how
they are affixed to the plaques. One of the most widely used
configurations consists of low-energy photon-emitting seeds
assembled to the inner surface of a cap made of gold alloy [1,
2].

Dosimetry of brachytherapy sealed sources has been based
on the American Association of Physicists in Medicine (AAPM)
Task Group 43 (TG-43) dose calculation formalism [3], though
there is an aim to transition toward model-based calculation
algorithms [4]. Monte Carlo (MC) calculations are the
predominant method for determining values for source specific
functions used in the TG-43 formalism [5]. One essential
limitation of TG-43 is that it assumes full scattering conditions in
water [1]. It considers neither tissue heterogeneities nor, more
importantly, the backing of ophthalmic applicator. The main
effect of the backing is decrease in dose due to the lack of
backscattering behind the applicator. It is recommended that

taken into account [6]. This is even more important in the case of
collimating plaques, where the lips of plaque or single seed slots
are used to limit the distribution [2].

As a part of the quality assurance of ophthalmic brachy-
therapy, calculated dose distribution of an applicator should be
validated [1]. However, it is challenging due to the short distance
ranges and steep dose gradients from the sources. Small errors
in detector positioning translate into large errors in dose
deduced from the detector signal. Many types of dosimeters
have been used, and detector response artifacts should be
minimized or accurately accounted for by appropriate correction
coefficients.

Silicon diode detectors have been used for relative dose
distribution measurements of '®lodine ('*I) sources, for
example, in single seed characterization study [7], investigations
of the effect of backing materials [8, 9] and verification of dose
distribution of multiple seeds in applicators [10]. The advantages
of diodes are small effective size, high current per unit absorbed-
dose rate and the possibility of scanning measurements with
almost immediate readout in a water phantom system. The

CONTACT Anna Rintala @ anna.rintala@hus.fi @ Helsinki University Hospital, Comprehensive Cancer Center, POB 180, FIN00029 HUS, Helsinki, Finland
© 2026 The Author(s). Published by MJS Publishing on behalf of Acta Oncologica. This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0

International License (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0009-7846-6170
https://orcid.org/0000-0002-0144-5955
https://orcid.org/0000-0003-2674-6567
https://orcid.org/0000-0003-3786-5684
https://doi.org/10.2340/1651-226X.2026.45688
mailto:anna.rintala@hus.fi
http://creativecommons.org/licenses/by/4.0/

512 A.RINTALAETAL.

response of diodes is dependent on photon energy, but for '*|
the energy spectrum changes very little with distance [11].

Correction methods verified with single seed measurements are
a prerequisite for multiple seed dose distribution measurements
because with TG-43 formalism, eye plaque distribution is gene-
rated as superposition of single source contributions. Our aim was
to develop and validate a measurement set up with a diode
detector for dose distribution measurements of custom-made
eye plaques [12] used in our clinic. At first, the performance of
correction methods for diode signal was demonstrated in water
equivalent environment down to very short distances (1 mm)
from the '*|-seed center. Finally, the methods were tested against
measurements with an applicator surrogate, together with a
simple one-dimensional correction for the effect of gold backing
applied to calculation.

Material and methods
Measurement setup

We investigated the properties of p-type Si-diode (1110000-1,
Sun Nuclear U.S.) for measuring '*’| sources. The diode detector
has a 0.3 mm entrance window in front of the effective point,
and the area of the detector element is a square with 2.3 mm
diagonal and thickness of 50 um.

All diode measurements were carried out in a MP3 water
phantom (PTW Freiburg GmbH, Germany) whose detector
positioning mechanism supports orthogonal movements with
0.1 mm steps.The coordinate system used in this study is depicted
in Figure TA, where x,y and zrepresent orthogonal coordinates of

the point of interest (measurement) from the seed center and

r=+x2+y?+z?% is the distance from the seed center. a is the
angle between x-axis and the measurement position. 8 is the
angle between z-axis, parallel to the linear source, and the

A == B

' "
<) P(r,a) =P(r,8)

measurement position. Variables rand 6 follow the notation used
in TG-43 formalism. Custom made PMMA holders (Figure 1B)
were attached to the side of the water phantom. The PTW
TANDEM electrometer was used for scanning measurements and
standalone PTW UNIDOS Romeo electrometer for point measure-
ments with diode bias voltage of O V.

The ' sources that we used in this study are 125.516 (Eckert
& Ziegler Medical, Germany) seeds (physical length 4.5 mm and
thickness 0.8 mm, active length 3.5 mm and thickness 0.59 mm).
The air-kerma rate of each seed was determined with a calibrated
reference-type well chamber (HDR 1000 Plus, single seed holder
70016 (Standard Imaging Inc,, U.S.), calibration uncertainty
3.3%) and ambient conditions tracked appropriately [13]). The
air-kerma rates of the seeds were between 0.098-0.169
MGY-m?-min~" at the time of the measurements.

We calculated dose rates DTG43 (r,0) with TG-43U1 formalism
[3] using radial dose function g(r) fit and anisotropy function
F(r,0) values given in CLRPv2 database [5, 14]. Consensus value
[3] was used for the dose-rate constant in water A = 1.012 cm™
converting air-kerma to absorbed dose at the TG-43 reference
point r;=1 ¢cm and 6,=90°. The geometry function G, (r,6) was
calculated according to the 3.5 mm long linear source.

Area averaging effect

The diode signal averaging effect within the sensitive area is
modeled supposing constant sensitivity within the detector
area. The dose gradient in the sensitive detector area is
dependent on the detector distance r, direction from the
source to detector 6 and the angular position o of the detector
with reference to the source (Figure 1A). The correction for
dose averaging within the detector element C_ (r,6,a) was
evaluated computationally from the ratio of dose rates
calculated at the center point (r, 6 ) and the average within the

Figure 1. (A) Schematic illustration of the coordinate system of the measurements. The 'l seed (red) lies along the z-axis in the horizontal zy-plane. The
angle a denotes the angle between line PC, where point P is the diode position and C is the center of the seed at the origo, and the vertical x-axis. The angle
6 of the TG-43 protocol is the angle between the line PC and the z-axis. The angle B is the angle of rotation of the diode detector around its own vertical axis.
(B) Simplified illustration of the PMMA holder used in the measurements. The diode detector (gray, effective area in blue) is moved with respect to the seed
(red), which is positioned in a plastic catheter which is glued to the holder. The gold slab (yellow) can be positioned behind the seed. (C) The square detector
element is approximated as a circle of the same area. (D) X-ray image of the diode detector.



area of detector element approximated as a circle (Figure 1C):

Dre_4z(7., 0
Cavg (0 ac) = M ¢Y)
Drg-43(r,6)
The detector element is square-shaped, but its rotational posi-
tion within encapsulation is unknown.

Angular sensitivity

Angular sensitivity was evaluated from measurements at a
constant radius of 10 mm around the seed axis (6 = 90°) where
the dose rate is constant. The seed was positioned in a water
filled plastic catheter (wall thickness < 0.3 mm). Charges AQ
were integrated over time At = 1 min at angular range-150°< o
< 150°, where o is the angle between vertical direction and
detector position as in Figure 1A, at 10-degree intervals except
5-degree intervals where the change in the sensitivity is greater.
Small corrections were made to the measured values due to the
discrete steps of detector positioning mechanism resulting in
deviations from the intended radius.

X-ray image of the inner structure of the diode is presented in
Figure 1D. Angular sensitivity was measured at four rotational
positions () around the detector axis at 45-degree intervals. All
four curves were normalized to one at angle a = 0° mirrored
through it and averaged to get the correction factor Cang((x),
which is an inverse of sensitivity values:

AQ(a = 0°) " Copg(r = 10 mm, a = 0°)
A8Q(@, B) * Cayg (r = 10 mm, a)

For the correction of profile measurement values, linear interpo-

lation between two nearest measured angular points was used.

The angular sensitivity was assumed to be constant as a func-

tion of distance r or direction 6 from the source.

Cang (a) = @)

Effect of gold backing

The effect of the gold slab used in the profile measurements was
evaluated from point measurements in the x-direction.
Measurements were made with and without the 11 x 44 x 2 mm
(width x length X thickness) 24K gold slab just under the seed
positioned in a catheter (Figure 1B), and the gold values were
divided with water values.

The value of gold-to-water dose ratios Cgold(r), where r is the
distance from the seed center, used to correct calculated dose
values, were evaluated from an experimental fit function
Cyota(x) = a -exp(b-x) +c. 3)
Thus, the water-to-gold corrected calculated dose rates are:

Drg-43,g01a(1,8) = Cyo1a(r) - Drg_a3(r,6). (€))

Dose profile measurements

A single | seed was attached with silicone glue on the surface
and in a slot, respectively, of both acrylic (PMMA) and a gold
slab. The depth of the slot was the same as the radius of the seed
(0.4 mm). Horizontal centering of the position of the diode

ACTA ONCOLOGICA 513

detector with respect to the center of the seed was done with
profile scans. In the vertical direction, position was determined
from the surface of the slab taking the depth of the effective
point of the diode into account. Depth doses (“xprof”) were
measured from 1 to 25 mm above the surface and profiles in
both short (“yprof”) and long (“zprof”) axis directions 2 and 5
mm above the slab surface at range £ 15 mm from the x-axis.

Dose distribution measurements AQ(r, 6) (integration time At
= 2 s) were normalized to correspond to dose rate in water for
the 125.516 seed that has air-kerma rate K of 1 mGy min™ at the
point P(r, = 10 mm, 6, = 0°) from the seed center based on the
air-kerma rates corrected to the time of the measurement.

The reading of the diode was calibrated to average of
corrected point measurements at r, = 10 mm in water (seed in a
catheter):

K(r,6) - A
mnorm(ro: 6o) Cavg (rpa= 0)’

The detector signal values were normalized with the calibration
coefficient and corrected with the angular sensitivity and area
averaging factors:

Dmeas(rf ) = keaup * Cang(a) : Cavg (1,6,a) * AQuorm(1,6).  (6)

Measured and calculated dose profiles were compared with
1D/3D gamma (y) index analysis with distance to agreement/
dose difference (DTA/DD) criteria 0.2 mm/2%, 0.3 mm/3% and
0.5 mm/5%. Dose difference was normalized to the calculated
value at the calibration point, that is, global normalization was
used. The threshold of passing the gamma comparison was set
to 90%. The DTA/DD criteria were chosen based on the expected
performance limit of the dosimetric method - so that pass rates
worse than 100% would indicate the achieved accuracy limit -
and not according to the actual clinical needs of the ophthalmic
brachytherapy treatment modality. However, considering the
size scale of ocular structures, submillimeter criterion is
relevant.

)

keaiip =

Results
Area averaging effect

Examples of area averaging correction factors along or parallel
to main axes x, y and z are presented in Figure 2A. In the
x-direction, the correction factor is larger at short distances with
fall-off close to one at distances larger than 10 mm. In the y- and
z-profiles the averaging effect varies from underestimation at
short distances from x-axis to overestimation at larger distances.
The area correction factor is more even and closer to one overall
in profiles with x = 5 mm (not shown). The stepwise changes in
the z-direction result from the interpolation of the tabulated
anisotropy function F(r,0) in the TG-43U1 protocol.

Angular sensitivity

The angular sensitivity of the diode is presented in Figure 2B.
Differences are small (on average < 2%pt., at maximum
6.5%pt.) between rotational positions around the diode axis,
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Figure 2. (A) Examples of area averaging within the detector element approximated as a circle along or parallel to the main axes x, y and z. (B) Angular
sensitivity of the diode detector measured at four different rotational positions 8 around the detector’s own axis and the averaged sensitivity.

and thus the averaged sensitivity has been used for profile cor-
rection. Due to a cylindrical metal filter surrounding the diode
effective area to eliminate side scatter, there is an abrupt drop
in the sensitivity close to a = £+ 90°, and this observation has
been used when centering the effective point of the diode
detector in x-direction in angular sensitivity and gold factor
measurements where the reference position cannot be taken
from a surface.

Gold correction

The gold-to-water ratio in x-direction from the center of the
seed is presented in Figure 3. The measured charge values were

not corrected for area averaging or angular sensitivity before
division since those are equal for both measurements with and
without backing. At distances larger than x = 20 mm, the ratio
reaches a plateau C,p4X) = 0.94 (not shown).

Dose profiles and gamma index analysis

The calibration coefficient of the diode is k_, = 3.13 + 0.06
mGy-nC™' (mean + SD of 10 measurements).

Examples of dose profiles and corresponding y-values are
presented in Figure 4 for measurements with a seed on PMMA-
backing and in Figure 5 for a seed on the gold slab. The results of
gamma index comparison are presented in Table 1. Profiles were
also compared at shorter ranges than the whole measured

Gold-to-water ratio
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1.01 ™,

0.99 - p}

0.98 - .
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0.96 -

0.95

0.94 -
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10 20
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Figure 3. Measured gold-to-water ratio and experimental fit used to correct calculation.
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Figure 4. Measured and calculated 1D dose y-profiles with PMMA backing and corresponding y-values of 1D measurement/3D calculation comparison at
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Table 1. The gamma indices, that is, the portion of the points that pass the gamma analysis y < 1, of the measured dose profiles between indicated distance

ranges: for xprof from origo and for yprof and yprof from x-axis.

0.2 mm/2% 0.3 mm/3% 0.5 mm/5%
+5mm  £10mm +15mm +20mm £25mm  +5mm  +£10mm +15mm £20mm +£25mm +#5mm £10mm £15mm +£20mm +25mm

w  xprof 95 98 96 81 68 100 100 100 100 100 100 100 100 100 100
surf yprof 2mm 99 93 74 100 99 90 100 100 100 - -

zprof 2 mm 100 90 72 100 97 83 = = 100 100 100 = =

yprof 5 mm 100 99 72 100 100 91 - - 100 100 100 -

zprof 5 mm 100 93 63 - - 100 100 79 - - 100 100 100 -
g xprof 16 7 32 50 61 86 94 96 97 98 100 100 100 100 100
surf yprof 2mm 85 50 33 - 100 64 43 - 100 76 51

zprof 2 mm 72 38 26 = 100 55 37 100 63 42

yprof 5 mm 20 58 39 100 100 72 100 100 98

zprof 5 mm 22 40 26 100 86 57 100 98 73 - -
w  xprof 95 98 99 99 99 100 100 100 100 100 100 100 100 100 100
slot yprof 2 mm 100 100 95 100 100 100 - - 100 100 100 -

zprof 2 mm 99 99 92 - - 100 100 100 - - 100 100 100 -

yprof 5 mm 100 100 94 - - 100 100 100 - 100 100 100

zprof 5 mm 100 100 95 - - 100 100 100 - 100 100 100
g xprof 61 75 84 86 84 100 100 100 100 100 100 100 100 100 100
slot yprof 2mm 99 51 34 100 54 36 100 60 40

zprof 2 mm 100 55 37 100 60 40 100 69 46 - -

yprof 5 mm 80 68 45 100 88 59 100 100 72 = =

zprof 5 mm 73 61 41 100 82 55 - - 100 98 66 -

“w" denotes PMMA and “g” gold slab backing, “surf” the surface of the backing and “slot”the 0.4 mm deep (radius of the seed) slot in the backing, “xprof” the depth dose and “yprof”and “zprof” short-axis and long-
axis profiles at the denoted distance above the backing. The bolded gamma index values pass the analysis at values over 90% and the values in italics are below 50%.

distance range, and the pass rates are better closer to the x-axis
and farther from the surface. The calculated dose results with
gold backing have overall worse agreement with measurements
than those with PMMA backing.

Discussion and conclusion

After applying computational correction for the effective detec-
tor size (Eq. 1) and experimentally determined correction for
detector angular sensitivity (Eq. 2), we have reached a good
accuracy for measuring the dose distribution around a single '*I
seed. When calculated values from TG-43 formalism were used
as a reference in water equivalent environment, we reached the
pass rate better than 97% of tested points with gamma index 0.3
mm/3% and 93% with 0.2 mm/2%, respectively, within the dis-
tance range between Tmm <x<15mmand-10mm<y,z< 10
mm. The gamma index analysis of measurement results in water
equivalent environment with reference to TG-43 calculations
serves as an approach of uncertainty analysis for future applica-
tions of diode measurements in more complex cases.

The positioning of the detector with respect to the seed is
fairly easy straight above the seed by measuring two orthogonal
(y and z) profiles and centering the detector to the peak. The
“depth”direction x transverse to the seed was a more challenging
task and two strategies were used: (1) touching the holder
surface and resetting x coordinate accordingly with the
correction of diode entrance window thickness and (2)
measuring Ay = 8 mm shifted x-profile sideways down to below
the seed level. This profile presents a drop in the middle, which
after angular dependence correction transforms into a peak.
Comparing positionings 1 and 2 more than five times, we could
confirm the thickness of the diode entrance window indirectly
and that the positioning accuracy (as mean difference for

coordinate x between methods 1/ 2) and precision (1 SD of the
zero position) better than 0.1 mm was reached in all orthogonal
directions.

Our dosimeter, the Sun Nuclear scanning diode, is quite old
and not commercially available anymore. Nevertheless, we
chose it because of its thin entrance window of only 0.3 mm. It is
much thinner than the current diodes on market, with most
having closer to T mm windows. We could mechanically reach
the 1 mm distance from the seed center. With this very short
distance the detector size forms a significant source of
uncertainty, but the approximative theoretical correction
appeared to give proper results.

While the volume correction of diode signal is experimental,
the area averaging effect is calculated against the theoretical
shape of dose distribution from TG-43. While we have not used a
fully independent test to prove this theoretical method, the
good agreement between the measurements against TG-43
calculation supports the validity of this assumption when the
seeds are surrounded in water equivalent medium. At the
distance of 10 mm, the volume correction is close to unity. At
distances larger than 2.5 mm the volume correction is less than
5%. According to our results, the agreement also seems to be
reasonable for seeds embedded in holes of shallow depths (<
seed cylindrical radius). With tighter collimation (deeper slots)
the TG-43 dose profile shape does not apply anymore. The next
step is to compare the diode results with measurements using
radiochromic film (Gafchromic™, Ashland Inc., U.S.) having
minimal area averaging effect.

The effect of backing materials has been studied before
[8, 9, 15] and the value of the gold-to-water comparison
measurements in our study was the need to calculate accurate
enough reference data to compare with our profile measure-
ments. The shape of the curve transverse to the seed is similar to



what has been reported before [8, 9]. One-dimensional path-
length corrections based on similar measurements have been
used in an ophthalmic treatment planning system [15]. The
gamma results are worse for gold backed profiles compared to
simple one-dimensional correction as a function of distance
from the seed center than in the case of the water equivalent
medium. This is likely due to the approximative nature of the
applied one-dimensional gold-to-water correction. When the
gamma criteria were relaxed to 0.5 mm/5%, the pass rate
reached 98% at 5 mm and 60% at 2 mm and for range -10 mm <
Y, z < 10 mm. The correction obviously works in the depth
direction in which it was determined but fails laterally. Physical
modeling of the gold correction would require three-
dimensional modeling of the scatter and fluorescence x-rays in
the exact seed and gold plaque geometry.

This work forms a basis for further dosimetric studies with
ophthalmic applicators loaded with several '»| seeds, part of
them embedded in slots for collimation [12]. The correction
factors of a single seed as a function of distance and/or direction
can be utilized to generate corrections for multiple seed
measurements. The correspondence of single seed results should
not be interpreted as a validation of clinical dose calculation as a
superposition of multiple seed contributions, but the present
results validate the measurement methodology. Further
measurements with applicators are necessary to evaluate and
adjust the performance of dose calculation algorithm used in
treatment planning of ophthalmic brachytherapy.

Acknowledgments

The authors would like to thank Mr. Petri Sipild, M.Sc., goldsmith,
for manufacturing the gold slab used in this study.

NACP 2026 was financially supported by the Acta Oncologica
Foundation.

This works was supported by the HUS CCC personal grant for
AR.

Conflict of interest

AR, AV, MT report no competing interests to declare. VR has
received institutional funding for clinical phase-I studies by a
sponsor (Bayer) and a dosimetry trial (Pharmtrace).

Data availability statement

Principal author provides data upon request.

Ethics declarations & trial registry information

This research has been conducted in an ethical and responsible
manner and is in full compliance with all relevant codes of
experimentation and legislation. This study did not involve
humans, animals, plants or biological material as research
objects. No non-public datasets were used.

ACTA ONCOLOGICA 517

Authors’ contributions

All authors designed the study. AR and MT conducted the meas-
urements. AR performed the calculations and analysis. AR and
MT drafted the manuscript. All authors reviewed, edited and
approved the final manuscript.

References

[11 Thomson RM, Furutani KM, Kaulich TW, Mourtada F, Rivard MJ, Soares
CG, et al. AAPM recommendations on medical physics practices for
ocular plaque brachytherapy: report of task group 221. Med Phys.
2020;47(5):€92-124. https://doi.org/10.1002/mp.13996

[2] Lesperance M, Martinov M, Thomson RM. Monte Carlo dosimetry for
103Pd, 125I, and 131Cs ocular brachytherapy with various plaque
models using an eye phantom. Med Phys. 2014;41(3):031706. https://
doi.org/10.1118/1.4864474

[3] Rivard MJ, Coursey BM, DeWerd LA, Hanson WF, Hug MS, Ibbott GS, et
al. Update of AAPM Task Group No. 43 Report: a revised AAPM proto-
col for brachytherapy dose calculations. Med Phys. 2004;31(3):633-74.
https://doi.org/10.1118/1.1646040

[4] Fletcher EM, Ballester F, Beaulieu L, Morrison H, Poher A, Rivard MJ, et
al. Generation and comparison of 3D dosimetric reference datasets for
COMS eye plaque brachytherapy using model-based dose calculations.
Med Phys. 2024;51(1):694-706. https://doi.org/10.1002/mp.16721

[5] Safigholi H, Chamberland MJP, Taylor REP, Allen CH, Martinov MP,
Rogers DWO, et al. Update of the CLRP TG-43 parameter database for
low-energy brachytherapy sources. Med Phys. 2020;47(9):4656-69.
https://doi.org/10.1002/mp.14249

[6] Chiu-Tsao ST, Astrahan MA, Finger PT, Followill DS, Meigooni AS,
Melhus CS, et al. Dosimetry of (125)I and (103)Pd COMS eye plaques
forintraocular tumors: report of Task Group 129 by the AAPM and ABS.
Med Phys. 2012;39(10):6161-84. https://doi.org/10.1118/1.4749933

[71 Li Z, Fan JJ, Palta JR. Experimental measurements of dosimetric
parameters on the transverse axis of a new 125| source. Med Phys.
2000;27(6):1275-80. https://doi.org/10.1118/1.599005

[8] Cygler J, Szanto J, Soubra M, Rogers DW. Effects of gold and
silver backings on the dose rate around an 125| seed. Med Phys.
1990;17(2):172-8. https://doi.org/10.1118/1.596588

[9]1 Meli JA, Motakabbir KA. The effect of lead, gold, and silver backings
on dose near 125 seeds. Med Phys. 1993;20(4):1251-6. https://doi.
org/10.1118/1.597166

[10] Knutsen S, Hafslund R, Monge OR, Valen H, Muren LP, Rekstad BL,
et al. Dosimetric verification of a dedicated 3D treatment planning
system for episcleral plaque therapy. Int J Radiat Oncol Biol Phys.
2001;51(4):1159-66. https://doi.org/10.1016/s0360-3016(01)01768-0

[11] International Commission on Radiation Units and Measurements.
ICRU Report 72: dosimetry of beta rays and low-energy photons
for brachytherapy with sealed sources. J ICRU. 2004;4(2):2-175.
https://doi.org/10.1093/jicru/ndh018

[12] Puusaaril, Heikkonen J, Kivela T. Effect of radiation dose on ocular com-
plications after iodine brachytherapy for large uveal melanoma: empir-
ical data and simulation of collimating plaques. Invest Ophthalmol Vis
Sci. 2004;45(10):3425-34. https://doi.org/10.1167/iovs.04-0066

[13] International Atomic Energy Agency (IAEA). Dosimetry in brachytherapy
- an international code of practice for secondary standards dosimetry
laboratories and hospitals. IAEA TRS 492. Vienna, Austria; 2023.

[14] Safigholi H, Chamberland MJP, Taylor REP, Allen CH, Martinov MP,
Rogers DWO, et al. The CLRP TG-43 parameter database for brachyther-
apy, version 2: E&Z BEBIG GmhH, IsoSeed 125.506 or .S16. [cited 2026
Feb 24]. Available from: https://physics.carleton.ca/clrp/egs_brachy/
seed_database/I125/IsoSeed_125.506

[15] Astrahan MA. Improved treatment planning for COMS eye plaques. Int
JRadiat Oncol Biol Phys. 2005;61(4):1227-42. https://doi.org/10.1016/j.
ijrobp.2004.09.062


https://doi.org/10.1002/mp.13996
https://doi.org/10.1118/1.4864474
https://doi.org/10.1118/1.4864474
https://doi.org/10.1118/1.1646040
https://doi.org/10.1002/mp.16721
https://doi.org/10.1002/mp.14249
https://doi.org/10.1118/1.4749933
https://doi.org/10.1118/1.599005
https://doi.org/10.1118/1.596588
https://doi.org/10.1118/1.597166
https://doi.org/10.1118/1.597166
https://doi.org/10.1016/s0360-3016(01)01768-0
https://doi.org/10.1093/jicru/ndh018
https://doi.org/10.1167/iovs.04-0066
https://physics.carleton.ca/clrp/egs_brachy/seed_database/I125/IsoSeed_125.S06
https://physics.carleton.ca/clrp/egs_brachy/seed_database/I125/IsoSeed_125.S06
https://doi.org/10.1016/j.ijrobp.2004.09.062
https://doi.org/10.1016/j.ijrobp.2004.09.062

ACTA ONCOLOGICA
2026, VOL. 65, 543-552
https://doi.org/10.2340/1651-226X.2026.45677

@

NACP
2026

MJS

PUBLISHING

ORIGINAL ARTICLE

Evaluation of 3D-CRT vs. VMAT for radiotherapy of whole breast with simultaneous

integrated boost

Gracinda Johansson? , Sewa Surdashi®

Camilla Wendt¢

, Rafat Kojoj?

, Martin Olin?

, Emil Fredén® @, Pelin Sen?® ©, Eija Dahl®and

®Medical Physics, Diagnostics and Technology, Sédersjukhuset, Stockholm, Sweden; PDepartment of Clinical Science and Education,

Karolinska Institutet, Stockholm, Sweden; ‘Department of Oncology, Sédersjukhuset, Stockholm, Sweden

ABSTRACT

Background and purpose: This study evaluates volumetric modulated arc therapy (VMAT) as a potential
alternative to three-dimensional conformal radiotherapy (3D-CRT) for whole-breast radiotherapy (RT) with
simultaneous-integrated boost (SIB).

Patient/material and methods: Ten left-sided breast cancer patients previously treated in our institution
(whole breast with SIB) were selected. Clinical plans were generated using tangential field-in-field 3D-CRT
technique. VMAT plans were retrospectively created. Dosimetric evaluation was performed according to
our clinical guidelines. A robustness evaluation of the 3D-CRT and VMAT plans against simulated anatom-
ical and setup uncertainties was also performed. Differences between techniques were analysed using a
two-sided Wilcoxon signed-rank test with a significance level of 0.05.

Results: Both the 3D-CRT and VMAT plans fulfilled the clinical requirements for target volumes and organs
atrisk. VMAT plans showed a median increase in heart mean dose of 10.8%, compared to 3D-CRT (p < 0.05).
Heart maximum dose was reduced by up to 56.7% with VMAT (p < 0.05), offering a clinically meaningful
advantage. For the ipsilateral lung, no significant difference in mean dose was observed, V16Gy was sig-
nificantly lower and V4Gy was significantly increased with VMAT. VMAT plans improved dose conformity
to the boost planning target volume, (p < 0.05). Median monitor units (MU) values of 371 MU (359-466
MU) vs 927 MU (752-1018 MU) were obtained with 3D-CRT and VMAT. VMAT remained robust to simulated
uncertainties for whole-breast but showed greater sensitivity in the boost volume.

Interpretation: VMAT was a feasible alternative to 3D-CRT for whole-breast RT with SIB, improving boost
dose-conformity and reducing maximum heart dose. However, VMAT requires careful dosimetric evalua-
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tion and robustness assessment.

Introduction

Breast-conserving surgery followed by adjuvant whole-breast
radiotherapy (RT) constitutes a cornerstone in the management
of early-stage breast cancer, providing excellent local control
and survival outcomes [1-3]. The addition of a tumour bed
boost has been shown to further reduce the risk of local recur-
rence, particularly in younger patients and those with adverse
pathological features [4-6]. Traditionally, boost irradiation has
been delivered sequentially after completion of whole-breast
RT [7]. In recent years, the simultaneous integrated boost (SIB)
technique has gained increasing clinical interest, as it allows the
delivery of differential dose levels to the whole-breast and
tumour bed within a single treatment course, thereby reducing
overall treatment time and potentially limiting unnecessary
radiation exposure to surrounding organs at risk (OARs).
Three-dimensional conformal radiotherapy (3D-CRT) using
tangential fields remains the standard technique for whole-
breast RT in many institutions, owing to its robustness and

favourable sparing of critical structures. The introduction of
field-in-field (FiF) techniques has further improved dose
homogeneity and reduced high-dose regions within the breast,
contributing to improved treatment quality [8]. Nevertheless,
when SIB is delivered using 3D-CRT, relatively large volumes of
breast tissue may receive the higher boost dose, which has been
associated with an increased risk of late normal tissue toxicity,
including fibrosis [9]. Furthermore, achieving optimal dose
conformity to the boost volume with 3D-CRT can be challenging,
particularly in the presence of complex target geometries,
potentially resulting in compromises between target coverage
and normal tissue sparing.

Modern inverse-planning techniques such as volumetric
modulated arc therapy (VMAT) offer the potential to improve
plan quality by achieving superior dose conformity and sharper
dose gradients around the boost volume [10]. However, the
clinical implementation of VMAT in breast RT remains contro-
versial. A major concern is the increased low-dose exposure to
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large volumes of normal tissue, which has been associated with
a potential elevated risk of radiation-induced secondary
malignancies [11]. The use of deep inspiration breath hold
(DIBH) has been shown to significantly reduce cardiac dose by
increasing the distance between the heart and the chest wall,
thereby improving cardiac sparing across different RT techniques
[12-15]. When combined with advanced delivery methods such
as VMAT, DIBH may mitigate some of the disadvantages
associated with increased low-dose exposure and heart dose.

Despite the increasing availability of VMAT and its
demonstrated dosimetric advantages in selected scenarios, its
role as an alternative to well-established tangential 3D-CRT for
whole-breast RT with SIB remains institution-dependent.
Comparative evaluations based on clinically implemented
planning strategies are still limited [16, 17], and systematic
dosimetric assessments are essential to support evidence-based
clinical decision-making. The aim of this study was to evaluate
VMAT as a potential alternative to clinical 3D-CRT for whole-
breast RT with SIB in left-sided breast cancer patients treated in
DIBH.

Patients/material and methods
Patients and structure delineation

Ten left-sided breast cancer patients previously treated with
breast conserving surgery followed by whole-breast RT with SIB
at Stockholm South Hospital (Stockholm, Sweden) were
selected. Patients with boost volumes located centrally or medi-
ally in the breast were deemed pertinent for this study, since
treatment plans with 3D-CRT result in large volumes of the
breast receiving boost dose levels. The prescription dose was
2.67 Gy for the whole-breast and 3.20 Gy for the boost volume,
given in 15 fractions to total dose of 40.05 and 48.0 Gy, respec-
tively. Planning computed tomography (CT) images were
acquired on a Siemens Somatom Definition Edge (Siemens
Healthineers AG, Erlangen, Germany). A Wing Boards™ (CIVCO
Radiotherapy, lowa, USA) was used to immobilise the patient in
head-first, supine position with both arms above the head. The
CT images consisted of 3-mm axial slices and were acquired in
DIBH. DIBH was implemented using surface-guided radiation
therapy (SGRT) with the Catalyst system (C-RAD AB, Uppsala,

Table 1. Patient and target volume characteristics.

Sweden), which uses chest surface displacement as a surrogate
for inspiration level. Patients were initially positioned in free
breathing (FB) using a reference surface that was obtained with
the Sentinel system (C-RAD AB, Uppsala, Sweden), during the
planning-CT acquisition. From this reference surface, an individ-
ualised gating reference point was defined on the patient’s
chest. A stable reference respiratory curve was also obtained.
The gating window was set to 3-mm absolute vertical displace-
ment of the gating point, with a DIBH lift of the reference gating
point from baseline of typically 10 mm, individualised per
patient. Residual variability in inspiration level is acknowledged
as a source of geometric uncertainty and is reflected in the plan-
ning target volume (PTV) margins applied.

Thetarget volumes were delineated by a radiation oncologist,
following our clinical guidelines [18]. The clinical target volume
(CTV) of the whole breast (CTV_L_40.05) included the whole
breast, while the clinical target volume of the primary tumour
(CTVT) for boost volume (CTVT_L_48.0) included the tumour
bed and was delineated based on the surgical clips implanted
during the breast conserving surgery. Patient characteristics
including the volumes of the CTVT_L_48.0 and CTV_L_40.05 as
well as the location of the boost volume in the breast are shown
in Table 1.

The PTV for the whole breast and the boost volume were
created by adding a uniform margin of 7 mm. Both the CTV and
the PTV were cropped 5 mm under the body surface to exclude
the build-up region of the photon depth-dose distribution in
the dose statistics for the target volumes. The OAR were auto-
generated by an atlas-based auto-segmentation (ABAS)
software (Elekta AB, Stockholm, Sweden) and corrected by a
radiation oncologist in Monaco treatment planning system
(TPS) (Elekta AB, Stockholm, Sweden). The OARs considered
were the heart, both lungs and the contralateral breast.

Treatment planning

Clinical treatment plans were created in Monaco TPS using tan-
gential FiF 3D-CRT technique. Treatment predominantly
employed 6 MV photon beams, with 15 MV photons incorpo-
rated selectively as low-weight complementary fields when nec-
essary to improve dose homogeneity and target coverage,
particularly in patients with larger breast volumes. The plan

Patient# CTVT_L_48.0 volume (cm?) CTV_L_40.05 volume (cm?) Volume ratio (%) Tumour bed location in the breast
1 24.66 383.75 6.43 Central
2 48.82 867.35 5.63 Central
3 25.38 385.62 6.58 Central
4 45.59 836.10 5.45 Medial
5 12.79 254.37 5.03 Medial
6 17.51 547.21 3.20 Central
7 39.11 683.16 5.73 Central
8 21.21 718.41 2.95 Central
9 45.45 479.47 9.48 Central
10 19.38 373.04 5.20 Central

For each patient, the volumes of the boost CTV (CTVT_L_48.0) and the whole-breast CTV (CTV_L_40.05) are reported together with the volume ratio
(CTVT_L_48.0/CTV_L_40.05) and the anatomical location of the tumour bed within the breast. CTV: clinical target volume.
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Figure 1. Dose distributions superimposed on a computed tomography (CT) slice shown in transversal view for treatment plans with 3D-CRT (A) and VMAT
(B) technique. Dose levels shown are the 95% of the prescribed dose to the boost volume (pink area) and 95% of the prescribed dose to the breast volume
(green area). The blue area represents the 20.025 Gy isodose level. The field arrangements used for the 3D-CRT and the VMAT plan are also shown. 3D-CRT:
three-dimensional conformal radiotherapy; VMAT: volumetric modulated arc therapy.

isocentre was positioned in the centre of the PTV_L_40.05 longi-
tudinally and vertically. In the lateral direction, the isocentre was
placed at ca 8 cm from the midline. The incident beam angles for
the medial and lateral tangential fields were optimised to max-
imise sparing of the heart and the ipsilateral lung. All fields were
delivered with a collimator angle of 0°, and the multi-leaf colli-
mator (MLC) was used to block the OARs. Additionally, the tan-
gential fields were extended beyond the patient surface by
approximately 2.5 cm to account for expected anatomical
changes, such as breast swelling, as well as residual setup and
positioning uncertainties affecting the areas close to the patient
surface. Dose calculation of the clinical 3D-CRT plans was per-
formed with the collapsed-cone algorithm (dose-to-medium
and dose grid of 3 mm). To ensure comparability between tech-
niques, all 3D-CRT plans were recalculated with Monte Carlo
algorithm, consistent with the algorithm applied for VMAT plan-
ning (dose reported as dose-to-water, a dose grid of 3mm and a
statistical uncertainty of 1% per calculation).

For each patient, VMAT plans were retrospectively created
using two tangential VMAT fields, each with three partial arcs of
75°. Photon beam energy was restricted to 6 MV. A collimator
angle of 0° was used for all the VMAT fields. The field configuration
for the VMAT plansisillustrated in Figure 1. The start angle of the
medial VMAT field was adjusted for the individual patients to
avoid the contralateral breast and to block the heart. The
isocentre position was similar as for the 3D-CRT plans; however,
vertically, the isocentre was placed closer to the patient surface.
The dose calculation was made using the Monte Carlo algorithm,
considering dose deposition in water, a dose grid of 3mm and a
statistical uncertainty of 1% per calculation. The maximum
number of control points per arc was set to 90, and the minimum
segment width allowed was 1 cm. A skin flash of 2.5 cm was

used to improve the dose-coverage of the superficial parts of
the breast in the presence of anatomical variation (e.g. breast
swelling). A surface margin of 4 mm was applied to account for
dose calculation and delivery limitations in the photon beam
build-up region (in the patient surface). VMAT optimisation was
made using the Pareto approach available in Monaco TPS, with
manually assigned weights of the cost-functions for the target
volumes and the OARs. All plans were optimised aiming to
achieve a clinical acceptable dose coverage to the target
volumes while maintaining dose to the OARs as low as possible,
based on our clinical dose-volume (DV) criteria given in Table 2.

Plan evaluation

A comparison between the clinical 3D-CRT plans and the VMAT
plans was made by means of evaluation of the relevant DV-metrics
for the target volumes and the OARs, according to our clinical
guidelines (Table 2), which are based on the Swedish national
guidelines for breast cancer RT [18]. The conformity index (Cl) [19]
for the boost volume, defined as the ratio of the volume of the
95% isodose and the volume of the boost Planning target volume
of the primary tumor (PTVT)_L_48.0 was also evaluated.

Robustness analysis

The robustness of the 3D-CRT and VMAT plans was evaluated by
simulating clinically relevant anatomical and setup uncertain-
ties. Anatomical changes due to breast swelling were modelled
by recalculating the original treatment plans on modified CT
datasets in which a uniform virtual bolus of 5, 10 or 15 mm thick-
ness was applied to the external breast contour, without modi-
fying the target volumes or replanning. The bolus was assigned
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Table 2. Median values and range (minimum-maximum) of target and OAR dose-volume metrics for the clinical 3D-CRT plans and the corresponding

VMAT plans.

Structure DV-metric 3D-CRT VMAT

Heart Dmean < 4 Gy 1.41 (0.98-2.45) 1.57 (1.24-2.23)
D, yaers < 51.84 Gy 30.1(6.13-38.25) 16.16 (6.55-28.36)*

Lung_L Dmean < 8 Gy 5.46 (2.81-8.42) 5.31(3.66-7.75)
V16Gy < 20% 11.67 (4.51-19.87) 8.14 (2.69-15.58)*
V4Gy < 55%" 23.44 (3.30-35.31) 38.48 (28.9-50.13)*

Breast_R Dmean < 2.5 Gy 0.67 (0.44-0.79) 1.69 (1.31-2.33)*

Lung_R Dmean < 2 Gy 0.38(0.29-0.45) 0.74 (0.66-1.00)*

PTV_L_40.05 D98% > 37.25 Gy 37.74 (37.21-38.64) 37.41 (37.28-38.08)
V45.6Gy < 40% 26.52 (22.46-32.3) 12.04 (7.78-17.42)*

CTV_L_40.05 D98% > 38.05 Gy 38.65 (38.22-39.04) 39.60 (38.74-39.78)

PTVT_L_48.0 D98% > 44.64 Gy 45.49 (43.45-46.18) 45.27 (44.65-46.03)
Cl =V95%/PTV 2.94 (1.69-4.53) 1.23(1.11-1.43)*

CTVT_L_48.0 Dmean > 48.0 Gy 48.81 (48.04-49.67) 48.86 (48.68-49.13)

Dmin > 45.6 Gy

46.54 (45.64-47.60)

46.39 (45.61-47.08)

*P < 0.05 statistically significant; otherwise, not significant. "Taken from the Radiation Therapy Oncology Group (RTOG) 1005 protocol. OAR: organs at risk;
3D-CRT: three-dimensional conformal radiotherapy; VMAT: volumetric modulated arc therapy; DV: dose—volume; CTV: clinical target volume; PTV: planning

target volume.

the electron density of water to realistically represent soft tissue
swelling. This approach enabled a systematic assessment of the
dosimetric impact of progressive breast enlargement on target
dose coverage on the original plan, representing a conservative
worst-case scenario for dose-coverage degradation. Setup uncer-
tainties were investigated by simulating patient positioning errors
through isocentre shifts applied in six directions. A translational
displacement of 7 mm was used, corresponding to the clinically
used PTV margin. This simulation reflects worst-case residual
setup errors after patient positioning and image guidance.

For each simulated scenario, DV metrics were extracted to
quantify plan robustness in terms of target dose-coverage.
Specifically, D98% for the CTV_L_40.05 and minimum and mean
dose (D and D__ ) for the CTVT_48.0 were recorded for all
generated treatment plans.

Treatment plan verification

Treatment delivery was performed using an Elekta Versa HD (Elekta
AB, Stockholm, Sweden) linear accelerator. For both the 3D-CRT
and the VMAT plans, the resulting total monitor units (MU) per plan

and the total beam-on time were recorded. Both the 3D-CRT and
the VMAT plans were verified using the Delta* (ScandiDos AB,
Uppsala, Sweden) phantom. A gamma index evaluation with a dis-
tance-to-agreement of 3 mm and a percentage dose difference of
3% was performed. The lower threshold of gamma passing rate
(GPR) was set to 95%, according to our clinical routine.

Statistical analysis

A two-sided Wilcoxon signed-rank test with a significance level
of 0.05 was performed to analyse the differences in paired DV
metrics obtained with the clinical 3D-CRT and the VMAT plans.

Results
Plan evaluation

Typical dose ditributions obtained with 3D-CRT and VMAT are
shown in Figure 1 and the dose-volume histogram (DVH) compari-
son is presented in Figure 2. Both the 3D-CRT and VMAT plans ful-
filled the predefined clinical requirements for target coverage and

Table 3. Total monitor units (MU) per plan, beam-on time and results for patient-specific quality assurance (PSQA) performed for the 3D-CRT and the VMAT

plans.
Patient# MU Beam-on time (s) Gamma index 3 mm/3% (%)
3D-CRT VMAT 3D-CRT VMAT 3D-CRT VMAT
1 359 932 67.4 176.0 98.9 99.9
2 373 1003 75.7 174.0 97.8 100.0
3 366 902 72.8 177.0 96.9 100.0
4 392 910 81.0 169.0 96.5 100.0
5 359 955 57.1 166.0 99.9 100.0
6 371 988 70.5 172.0 97.6 100.0
7 385 921 71.8 161.0 98.5 100.0
8 446 1018 108.5 155.0 95.4 100.0
9 370 862 69.6 161.0 97.9 98.6
10 359 752 64.0 173.0 99.9 99.0

3D-CRT: three-dimensional conformal radiotherapy; VMAT: volumetric modulated arc therapy; MU: monitor units.
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Figure 2. Dose-volume histogram (DVH) comparison between clinical 3D-CRT plan (full lines) and VMAT (dashed lines) for a representative patient. 3D-CRT:
three-dimensional conformal radiotherapy; VMAT: volumetric modulated arc therapy; CTV: clinical target volume; PTV: planning target volume.

OAR dose constraints. Compared with 3D-CRT, VMAT was associ-
ated with a median increase in mean heart dose of 10.8% (range
-9.1 t0 26.7%, p < 0.05). In contrast, the maximum heart dose was
reduced by up to 56.7% with VMAT (p < 0.05). For the ipsilateral
lung, no significant difference in mean lung dose was observed
(median 5.46 Gy with 3D-CRT vs. 531 Gy with VMAT, p > 0.05),
whereas V16Gy was significantly lower with VMAT (8.14%) com-
pared to 3D-CRT (11.67%), p < 0.05. The V4Gy of the ipsilateral lung
was consistently higher with VMAT (range, 28.9-50.1%) compared
to 3D-CRT (range, 3.3-35.3%), p < 0.05. For the contralateral breast
and the contralateral lung, significantly higher mean dose was reg-
istered with VMAT (p < 0.05); however, the registered values were
below our clinical tolerance levels for these two OARs (Table 2).

VMAT provided significantly improved dose conformity to
PTVT_L_48.0 compared with 3D-CRT (p < 0.05). The median Cl was
1.23 (range 1.11-1.43) for VMAT and 2.94 (range 1.69-4.53) for
3D-CRT.

Robustness evaluation

With the 5-mm simulated swelling, the CTV_L_40.05 D98% cri-
terion (D98% > 38.05 Gy) was fulfilled for seven patients with
3D-CRT and for all patients with VMAT. For CTVT_48.0, the D....
criterion (D_ > 48.0 Gy) was met in 30% (3D-CRT) and 70%
(VMAT), while the D___criterion (D_ > 45.6 Gy) was fulfilled in 50
and 70%, respectively.

With 10-mm swelling, the CTV_L_40.05 D98% criterion was
met in 0% (3D-CRT) and in 90% (VMAT) of the plans. For
CTVT_48.0, D__ was fulfilled in 0% (3DCRT) and 10% (VMAT).
CTVT_48.0 D_, was metin 20% (3DCRT) vs 10% (VMAT).

With the 15-mm swelling, CTV_L_40.05 D98% criterion was
not fulfilled in any of the cases with 3D-CRT or VMAT plans. For
CTVT_48.0, both D__ and D_, criteria were met in one VMAT
case and in none of the 3D-CRT plans.

Under simulated +7-mm isocentre shifts in the three
translational directions, the CTV_L_40.05 D98% criterion was
met in 83% of all simulated scenarios with 3D-CRT and 93% with
VMAT. For CTVT_48.0, the D____criterion was met in 88 and 87%
andtheD_, criterion was fulfilled in 37 and 15%, for 3D-CRT and
VMAT, respectively.

A summary of the robustness evaluation is illustrated in
Figures 3,4 and 5.

Treatment plan verification

Median MU per plan were 371 MU (range 359-466 MU) for
3D-CRT and 927 MU (range 752-1018 MU) for VMAT. Beam-on
time ranged from 57 to 109 seconds (0.95-1.82 minutes) for
3D-CRT and from 155 to 177 seconds (2.58-2.95 minutes) for
VMAT. Both the VMAT and the 3D-CRT plans met our clinical tol-
erance values for the PSQA, with a GPR of at least 95.4% (3D-
CRT) and 98.6% (VMAT), Table 3.
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Figure 3. Boxplot showing the dose-volume metric for the CTV_L_40.05
and CTVT_L_48.0 depicting the results of the robustness evaluations of the
simulation of breast swelling with uniform thickness of 5, 10 and 15 mm for
3D-CRT (orange) and VMAT (purple). 3D-CRT: three-dimensional conformal
radiotherapy; VMAT: volumetric modulated arc therapy; CTV: clinical target
volume.

Discussion and conclusion

In this study, VMAT was evaluated as a potential alternative to
tangential FiF 3D-CRT for left-sided whole-breast RT with SIB in
patients treated with DIBH. Both techniques fulfilled institu-
tional planning objectives for target coverage and OAR con-
straints. However, differences were observed in dose conformity
to the boost volume, heart dose, plan robustness and treatment
efficiency.
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Figure 4. Boxplot illustrating dose-volume metrics for the CTV_L_40.05
and CTVT_L_48.0 depicting the results of the robustness evaluation of
the simulated setup errors of 7 mm in three translational axis, for 3D-CRT
(orange) and VMAT (purple). 3D-CRT: three-dimensional conformal radio-
therapy; VMAT: volumetric modulated arc therapy; CTV: clinical target
volume.

A key finding was the significantly improved dose conformity
to the boost PTV achieved with VMAT. This finding is consistent
with previous studies demonstrating that inverse-planned
techniques generate steeper dose gradients and better conform
to complex target geometries [20, 21]. Improved conformity is
particularly relevant in SIB treatments, where excessive high-
dose exposure of surrounding breast tissue has been associated
with increased risk of late toxicity, including fibrosis [4, 5]. The
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Figure 5. lllustration of dose degradation in the axial view for 3D-CRT (upper panels) and VMAT (lower panels) with the introduction of bolus of 5 mm (A-1,
B-1), 10 mm (A-2, B-2) and 15 mm (A-3, B-3). The original plans are shown in A (3D-CRT) and B (VMAT). 3D-CRT: three-dimensional conformal radiotherapy;
VMAT: volumetric modulated arc therapy.

European Organisation for Research and Treatment of Cancer
(EORTC) boost trial demonstrated higher rates of breast fibrosis
in patients receiving boost irradiation, highlighting the
importance of limiting unnecessary high-dose exposure [5, 22].
Although clinical outcomes were not assessed in the present
study, the reduced high dose spread observed with VMAT may
have implications for long-term cosmetic results.

With respect to heart dose, VMAT resulted in a modest but
statistically significant increase in mean heart dose compared
with 3D-CRT, while significantly reducing maximum heart dose.
This reflects the fundamental difference between conventional
and intensity-modulated techniques. 3D-CRT limits low-dose
spread outside the treatment fields, whereas VMAT redistributes
dose more uniformly, reducing focal hotspots at the expense of
a broader low-dose bath. Importantly, in the present study, the
mean heart dose remained considerably lower than our clinical
constraints with both techniques (D,__ < 4 Gy). Epidemiologic
evidence indicates a relationship between mean heart dose and
long-term cardiacrisk[13, 23]. The clinical relevance of maximum
dose to small cardiac sub-volumes remains less clearly defined
[24]. Increasing evidence suggests that mean heart dose alone
may not fully capture cardiac risk, as high doses to cardiac
substructures such as the left anterior descending artery (LAD)
may occur even when global heart doses remain low [25-27].
Wennstig et al. [28] suggested in their retrospective study on
breast cancer RT, the inclusion of LAD dose in breast RT planning,
with a clear correlation of LAD dose with the risk of radiation-
induced stenosis.

The use of DIBH represents an essential component of this
treatment approach. DIBH is well established as an effective
strategy to reduce heart dose in left-sided breast cancer [12, 13,
29] and likely reduced absolute cardiac exposure for both
techniques.The combination of DIBH with conformal techniques
such as VMAT may allow improved boost conformity while
maintaining acceptable heart sparing, if robustness consider-
ations are addressed.

For the ipsilateral lung, VMAT reduced V16Gy without
significantly improving the mean lung dose. The reduction of
these DV metrics has also been reported in other studies of
VMAT technique for breast cancer RT [17]. Mean lung dose and
intermediate DV metrics to the lung (e.g. V15Gy-V20Gy) have
been correlated to the risk of radiation-induced pneumonitis
following RT [30-33]. Therefore, the relatively lower V16Gy with
VMAT could be expected to reduce the incidence of radiation-
induced pneumonitis for this patient group. VMAT was also
associated with a statistically significant increase in V4Gy for the
ipsilateral lung (Table 2), consistent with the low-dose spread
inherent to rotational delivery techniques [20, 34]. Nevertheless,
all VAGy values registered for the VMAT plans remained within
the constraint used in the Radiation Therapy Oncology Group
(RTOG) 1005 study protocol (V4Gy < 55%) [35, 36]. The toxicity
implications arising from the low dose lung irradiation were not
evaluated in the present study. However, it warrants consider-
ation in patients with pre-existing pulmonary comorbidities,
concurrent pulmonary-toxic systemic therapies, or anticipated
re-irradiation. When clinically indicated, stricter ipsilateral lung
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objectives can effectively reduce V4Gy through constraint
reweighting during VMAT optimisation, provided target cover-
age is not compromised.

Plan robustness represents a central concern when SIB is
delivered using highly conformal techniques. Tangential 3D-CRT
is traditionally regarded as geometrically robust due to its
relatively homogeneous fluence distribution and broader high-
dose regions [37]. In contrast, VMAT achieves improved
conformity through increased modulation and steeper dose
gradients, which may increase sensitivity to geometric
perturbations [38, 39]. In the robustness analysis carried out in
the present study, CTV_L_40.05 D98% was preserved for both
techniques under 5-mm swelling and +7-mm isocentre shifts.
At 10-mm swelling, VMAT maintained dose-coverage to the
whole-breast CTV more frequently than 3D-CRT (90% vs 40%),
suggesting improved resilience to moderate anatomical
expansion. However, at 15-mm swelling, marked deterioration
was observed for both techniques (Figure 3). For the boost
volume (CTVT_L_48.0), robustness was lower overall. With
increasing swelling, both D___and particularly D_. declined for
both techniques, without a consistent advantage for VMAT at
>10 mm (Figure 3). Under simulated +7-mm shifts (Figure 4),
boost D~ was fulfilled in 62% of scenarios with 3D-CRT
compared with 15% with VMAT. This indicates greater sensitivity
of the more conformal VMAT dose distribution to translational
setup uncertainties. These findings suggest that improved
conformity does not necessarily translate into improved
geometric robustness [40], particularly for small high-dose
boost volumes.

Treatment efficiency also differed between the evaluated
treatment plans (Table 3). While both 3D-CRT and VMAT fulfilled
our clinical requirement for PSQA, VMAT required substantially
higher MUs and approximately twice the beam-on time
compared with 3D-CRT. Beam-on time ranged from 155 to 177
seconds for VMAT and 57-109 seconds for 3D-CRT. In DIBH
treatments, longer beam-on time necessitates prolonged or
repeated breath-holds, which may increase intra-fraction
variability [41, 42]. Although DIBH reproducibility is generally
high [29], small inter- and intra-breath-hold variations have
been reported [43, 44] and may affect dose delivery, particularly
for steep dose gradients. The increased sensitivity of boost D_
observed with VMAT may therefore reflect the combined effect
of conformal dose distribution and residual geometric variability
during repeated breath-holds. Careful breath-hold coaching
and motion monitoring are therefore important when VMAT is
delivered in DIBH.

This study has a few limitations. The cohort size was limited,
and the analysis was restricted to dosimetric parameters, which
precludes any conclusions regarding clinical outcomes or
treatment-related toxicity. Additionally, only a single VMAT
planning strategy was evaluated; alternative arc configurations
or hybrid planning approaches may exhibit different robustness
characteristics [16, 17, 45, 46]. The analysis reflects routine
clinical planning practice and provides relevant information to
support institutional decision-making. Furthermore, the
robustness analysis for breast swelling was performed by

applying a virtual bolus to the planning CT and recalculating
dose on the original plan (Figure 5), without extending the CTV
or PTVinto the swollen volume. While this approach is consistent
with published methodology [47, 48] and represents a clinically
relevant worst-case scenario, it likely overestimates true
coverage in practice.

In conclusion, VMAT fulfilled all predefined planning ob-
jectives for whole-breast RT with SIB and provided significantly
improved dose-conformity to the boost volume compared with
tangential 3D-CRT. VMAT reduced maximum heart dose but was
associated with a modest increase in mean heart dose. In the
robustness analysis, dose-coverage to whole breast was
preserved for both techniques under moderate anatomical
changes and setup shifts, whereas the minimum dose given to
the boost volume demonstrated greater sensitivity, particularly
for VMAT under translational shifts. When combined with DIBH,
VMAT represents a feasible alternative to 3D-CRT for selected
patients, provided that the trade-off between improved
conformity and reduced geometric robustness is carefully
considered.
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Background and purpose: Volumetric modulated arc therapy (VMAT) plans often involve small and irreg-
ular beam apertures (i.e. high complexity), which can pose challenges for accurate dose calculations. The
aim of this study was to investigate plausible dose calculation errors for VMAT plans of various complexity.
Patient/material and methods: Twenty patient cases, each with three VMAT plans of different complex-
ities (i.e. 60 plans in total), were included. All plans were calculated using six different dose calculation
methods. It was assumed that greater differences between calculations reflect increased difficulty in accu-
rately estimating dose. Basic performances of the six calculation methods were evaluated based on static
fields. Three-dimensional distributions of voxel-wise two standard deviations (2SDs) in percent of local
voxel dose were visually evaluated. 2SD volume histograms were analyzed as well as the mean (2SD
and maximum 2SD within 2 cm? (2SD, ) for different regions of interest.

Results: Higher 2SD values were generally found outside the planning target volume (PTV) compared
to inside, particularly in low dose and buildup regions. Average (per treatment site) 2SD,,_ /2SD, values
were 0.9-1.2%/1.8-5.1% in the PTV and 1.8-3.1/8.4-18.7% for the region 1 cm outside the PTV. For organs
of interest, 25D, /2SD, values were larger than the equivalent values in the PTV, with highest values up
to 5/15% observed for the prostate cases.

Interpretation: Variations between dose calculation methods were larger in organs of interest than in the
PTVs. Differences in 2SD distributions between the patient cases were generally larger than differences
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between the complexity levels.

Introduction

Accurate and precise dose calculation is crucial for a safe and
effective radiotherapy treatment. In photon radiotherapy based
on a conventional linear accelerator (LINAC), dose calculation
involves two key components. First is the beam model, which
provides the beam fluence exiting the treatment head of the
LINAC [1]. The second component is the dose calculation algo-
rithm that uses the beam fluence to calculate the dose distribu-
tion in a given patient geometry. An accurate beam model and
dose calculation algorithm are essential for predicting the dose
delivered to the target volume and any nearby organs of inter-
est (OOIs). However, clinical dose calculation methods include
approximations that affect the calculated dose distribution in
different ways. There are several different types of dose calcula-
tion algorithms clinically available, for example, convolution/
superposition, linear Boltzmann transport equation solver, and
Monte Carlo, each based on different calculation principles.
Previous studies have shown that common algorithms generally

agree well in homogeneous tissue regions (e.g. [2]). Discrepancies
typically arise in heterogeneous regions and in regions where
there is a lack of lateral charged particle equilibrium, such as in
treatment plans involving small beam openings [3, 4].

Several groups have studied differences in calculated dose
distributions between different clinically used dose calculation
algorithms, for example, [5-10] often with particular focus on
their ability to manage tissue heterogeneities. These studies
demonstrate that algorithm performance can diverge con-
siderably in regions with electron density variations. Monte
Carlo methods are often regarded as the gold standard in dose
calculation due to their ability to accurately simulate particle
transport and radiation interactions with matter. However, even
the most advanced dose calculation algorithms depend on
accurate beam modeling. Treatment plans involving small beam
openingsorirregular beam aperture shapes (often characterized
as complex plans) may require a more detailed beam model to
ensure accurate and precise dose calculation [11, 12].
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To our knowledge, the study from Li et al. [13] is the only one
to have specifically examined how disagreement between
calculation methods may relate to treatment plan complexity.
Their results showed that the investigated complexity metrics
had a stronger correlation with differences observed between
dose distributions calculated with different calculation methods
than with differences between calculated doses and diode-array
detector measurements. This indicates that as plan complexity
increases, variations between calculation methods become
more pronounced.

The aim of this study was to evaluate 3D distributions of
plausible errors in the dose calculation for volumetric modulated
arc therapy (VMAT) fields of different complexities. For this
purpose, the variation between different algorithms and beam
models, that is, calculation methods, was studied as a measure
to identify regions where accurate dose calculations are
challenging.

Patients/material and methods
Beam models and dose calculation algorithms

To highlight regions that are more prone to calculated dose
errors, different dose calculation methods with different
strengths and weaknesses were used. In this study, it was
assumed that larger differences between algorithms indicate
greater challenges in accurately estimating the absorbed
dose, which, in turn, suggests higher overall dose calculation
uncertainty in those regions. Note that the aim of this work
was not to determine the absolute accuracy of individual algo-
rithms, but rather to evaluate a range of clinically realistic var-
iations between dose calculation methods and use their
in-between differences as an indicator of potential dose calcu-
lation uncertainties. This study included six dose calculation
methods, implemented in two different treatment planning
systems (TPSs), namely, the Eclipse (Siemens Healthineers AG,
Erlangen, Germany) and RayStation (RaySearch Laboratories
AB, Stockholm, Sweden). The algorithms utilized were as
follows:

Analytical anisotropic algorithm (AAA) v16.1.0 in Eclipse
Analytical anisotropic algorithm (AAA) v18.1.0 in Eclipse
Acuros XB (AXB) v16.1.0 in Eclipse

Acuros XB (AXB) v18.1.0 in Eclipse

Monte Carlo (MC) v.3.0 in RayStation

Collapsed cone (CC) v.5.8 in RayStation

o hdwN -~

All beam model configurations used in this work were created
for a 6 MV photon beam from a Varian TrueBeam linac with a
Millenium MLC (Siemens Healthineers AG, Erlangen, Germany)
and are intended for clinical application. Although not all of
them are currently in clinical use. Besides MLC-specific measure-
ments, the beam configurations in Eclipse (i.e. both versions of
AAA and AXB algorithms) share the same general commission-
ing data (e.g. depth doses, profiles, and output factors). AAA
version 16.1.0 is the algorithm currently in clinical use. The main

difference between version 18.1.0 of AAA and AXB and the ear-
lier 16.1.0 version is an enhanced modeling of the MLC [14] in
version 18.1.0. Values of MLC-specific parameter values as well
as effective target spot sizes used for the different beam models
and algorithms are presented in Table S1a in the supplementary
material.

The beam models for the MC and CC algorithms in RayStation
were commissioned using a different set of in-house
measurement data (measured later in time, but evaluated to be
in good agreement, compared to that used for Eclipse
configurations) in combination with output factors from Varian
reference beam data. Comparisons between Varian reference
data and measured data were in good agreement; for example,
all depth doses and 96% of lateral profiles were within 95%
gamma pass rate using 2%/2 mm criteria. The MLC parameters
were acquired in accordance with Saez et al. [15], and primary
source width was optimized using profile measurements for a
0.5 x 0.5 cm? beam. Information regarding MLC-specific
parameters and primary source widths for the beam models in
RayStation can be found in Table S1b in the supplementary
material.

For all dose calculation methods, a 1 mm dose grid resolution
was utilized. The spacing between CT slices was 2-3 mm. In this
study, the focus was placed on calculated dose discrepancies
associated with complex treatment plans rather than those
arising from heterogeneities within the patient volume. For this
reason, the electron and mass density for all voxels in the
patient’s CT data were set to 1, and the material was set to water.
To be able to do a voxel-wise comparison between all dose
distributions, some of the dose distributions had to be resampled
using trilinear interpolation, to spatially match the AAA v16.1.0
dose distributions. Monte Carlo calculations in RayStation were
performed with a statistical uncertainty of 0.1%.

Dose calculations for static fields

Before investigating the variation of different dose calculation
methods for VMAT treatment plans, some general aspects of
those differences were studied. For this purpose, a number of
static fields were created and calculated for 6 MV photons from
the Varian TrueBeam linac. The first consisted of a 10 x 10 cm
jaw-defined field with the MLC fully retracted and using a source
to surface distance (SSD) of 90 cm. This was used to verify that all
methods gave the same results in a reference situation. The sec-
ond field included multi-leaf collimator (MLC) with leaf protru-
sions as illustrated in Figure 2, using the same jaw positions as
the first field. These MLC protrusions were meant to test the per-
formance of the different dose calculation methods specifically
when it comes to the MLC field edges and the modeling of the
MLC. Differences between dose calculation methods for the two
static fields were visually evaluated by extracting lateral dose
profiles in the isocenter plane at 10 cm depth. The open field
was further evaluated for the different calculation methods by
calculating the standard deviation using a coverage factor with
k =2 (2SD) of the absorbed dose in the isocenter point. A higher
value of 2SD means a larger difference between different
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algorithms, which, in this work, is assumed to indicate a higher
risk for dose calculation errors. The deviation of the physical
field sizes (i.e. both X and Y directions) from the nominal value
(i.e. 10 x 10 cm) was also assessed for the different calculation
methods. For the static field with MLC protrusions, the 25D of
dose was calculated on a voxel-by-voxel basis across the dose
distributions calculated by the six dose calculation methods,
resulting in a three-dimensional (3D) distribution of standard
deviations. This 3D 2SD map quantified the variance in calcu-
lated dose arising from differences between the six dose calcu-
lation methods. From this point onward, reference dose refers to
the dose calculated by AAA v16.1.0 for each plan since this was
the calculation method used in clinical routine. Voxels receiving
less than 5% of the reference dose were excluded from this
analysis.

The variation between the different dose calculation
methods in field size dependence was evaluated by the 2SD of
the dose in the isocenter point for MLC-defined fields of
decreasing size ranging from 12 x 12 cm down to 1 x 1 cm,
with the jaws positioned 2 cm behind the MLC leaf-tips.
Additionally, off-axis effects were investigated by positioning
the center of a MLC-defined 3 x 3 cm field at lateral offsets of
2,4,6,8,10,and 12 cm from the isocenter toward the X2 jaw
and by evaluating the 2SD of the dose at 10 cm depth in the
center of the fields. The jaws were again positioned 2 cm
behind the MLC leaf-tips. In all cases, the evaluations were
done at 10 cm depth with the SSD set to 90 cm at the central
axis. Each field was assigned 240 monitor units (MUs) for the
dose calculations, corresponding to 2 Gy at isocenter in the
calibration geometry (i.e. 10 x 10 cm field, SSD = 90 cm at
10 cm depth in water).

Dose calculations for treatment plans

In total, 60 VMAT plans were included. The plans were based on
CT data and clinical segmentations from 20 cancer patients: five
prostate, five head and neck, five lung, and five gynecological
cases. The plans were initially optimized and calculated using
6 MV photons with the AAA v16.1.0 dose calculation algorithm
(T mm dose grid). All treatment plans were planned on a
Varian TrueBeam linac with the Millenium MLC. Jaw tracking
was used for all plans with the exception of prostate cases #1
and #5. Additional information regarding treatment planning
parameters for the included VMAT plans can be found in
the Supplementary Tables S2-S5.

For each case, a simple and a complex plan were created in
addition to the clinical plan, following the methodology
described in our previous work [16]. For the simple plans, there
was a reduction in MU ranging from 1.3 to 42.6% compared to
the respective clinical plan. For the complex plans, there was an
increase in MU ranging from 7.4 to 167.4%. Each of the 60 VMAT
plans (20 clinical, 20 simple, and 20 complex) was calculated
with the six dose calculation methods.

3D 2SD maps were generated for the 60 VMAT plans.
Differential 2SD volume histograms were generated from the
3D 2SD distributions for all 60 VMAT plans. These were
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calculated for the planning target volume (PTV) and a single
OOl per treatment site, that is, the rectum for prostate and
gynecological cases, the contralateral parotid gland for head
and neck cases, and the spinal cord for lung cases. These OOls
were selected as they are considered of high priority for the
specific cases that were investigated. Wilcoxon signed-rank
tests were performed on pairs of 2SD histogram distributions
to determine whether there were significant differences (i.e.
p < 0.05) in calculated dose variation between plans of
different complexity (i.e. clinical vs. simple plans and clinical
vs. complex plans). Finally, the maximum 2SD for a volume of
2 cm® (25D, ) and the mean value of 2SD (25D, ) were
calculated inside the PTV, in the region 1 cm outside the PTV
and in one OOI per treatment site as described earlier. The
region 1 cm outside the PTV was chosen, since it was found to
be a region of interest in a previous study, where delivery
variations were investigated [16].

Results

Visual evaluation of lateral profiles for a reference situation of a
10 x 10 cm? jaw-defined open square field demonstrated con-
sistency across the different calculation methods (Figure 1). The
2SD of the calculated doses in the isocenter was less than 0.5%
of the local reference dose, and the field sizes agreed within
0.09 cm of the nominal 10 cm. The highest 25D for the open part
of the field (i.e. within the 8 x 8 cm? central part of the field) was
1.8%. This was found in the position at 0.6 and 1.7 cm off axis in
the x and y directions, respectively (Figure 1). For the field
including MLC protrusions, differences between calculation
methods were most pronounced in the MLC-blocked part of the
beam near the MLC leaf-tip and in regions of high-dose gradi-
ents (Figure 2). For field sizes above 1 x 1 cm?, the 2SD values for
the isocenter dose were below 1.3% of the local reference dose,
and it was 2.8% for the 1 x 1 cm? field (Figure 3). For off-axis
fields, the 2SD values in the central points were below 0.5% at
off-axis distances less than 10 cm, reachingup to 1.1% at 12 cm
off-axis.

The higher 2SDs were generally observed outside the PTV
volume and the highest in the low dose and build up regions
(Figure 4). Figure 5 presents the differential 25D volume
histogram curves for PTVs and selected OOIs across the various
plan complexities for all cases studied. The histograms
demonstrated that the differences between patient cases were
generally larger than differences between complexity levels.
Statistically significant differences in 2SD histograms between
clinical and simple plans were observed in 11 out of 20 cases for
PTV and in 7 out of 20 cases for the selected OOIs (Table 1). For
comparisons between clinical and complex plans, significant
differences were found in 15 out of 20 cases for PTV and 8 out of
20 for OOls. As shown in Table 2, both 2SD,, . and 25D, were
generally higher for the OOIs compared to the inside of the PTV.
For the OOlIs, the highest 2SD,, values were observed for the
prostate and head & neck cases, while the 25D, values for the
OOIs were highest for the rectums in the prostate and
gynecological cases. The 2SD,, and 2SD, _ values inside the
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Figure 1. First row: dose profiles (1A, 1B) from a static 10 X 10 cm jaw-only field calculated using six methods. Field properties: 240 monitor units, 10 cm
depth, source-to-surface distance 90 cm. Profiles 1A and 1B correspond to the x- and y-axes, respectively, according to the IEC 61217 coordinate system.
Bottom row: (1) profile positions in jaw-only field (left), and (2) 2D map at 10 cm depth of the 2-standard-deviation in % of the local dose between the differ-
ent dose calculation methods for the open field (right). The red point illustrates the point with the highest 2SD value within the 8 x 8 cm? central part of the
beam, which was 1.8% and located at 0.6 and 1.7 cm off-axis in the x and y directions, respectively.
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Figure 2. Dose profiles (2A-2D) from a static 10 x 10 cm jaw field with multileaf collimator (MLC), calculated using six methods. Field properties: 240 monitor
units, 10 cm depth, source-to-surface distance 90 cm. Profiles 2A and 2B in the y-direction and 2C in the x-direction, according to the IEC 61217 coordinate
system. Rightmost column: (1) illustration of field geometry and profile positions (top) and (2) 2D map at 10 cm depth of the 2-standard-deviation in % of
the local dose between the different dose calculation methods (bottom).
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the influence of plan complexity on dose calculation variations
was case-dependent.

Discussion and conclusion

Variations in dose distributions calculated using six different
methods were investigated for static fields and VMAT plans of
various complexity and treatment sites. In the static fields, higher
2SDs were observed for regions close to the MLC leaf-tips, in
smaller fields and at larger off axis positions. For VMAT plans, dose
variations were generally higher in regions outside the PTV com-
pared to inside the PTV. Dose variations in the OOls were larger
than within the PTV, although the magnitude varied between
patient cases and treatment sites. Variations between patient
cases were generally larger than variations between complexity
levels. Identifying regions where beam models and calculation
algorithms diverge provides valuable insight into which anatom-
ical regions are more prone to dose calculation uncertainties and
where clinical dose estimates may be less reliable.

The results for the 10 x 10 cm? jaw-defined static open field
showed that the 2SDs of the calculated doses were larger off axis
compared the center, that is, within 0.5% in the center and 1.8%
within the 8 x 8 cm? central part of the beam. However, the 2SDs

dicated by the diamond markers connected with a dotted line.

in the static field with MLC protrusions were much larger,
especially close to the MLC leaf-tip, which indicates that the off-
axis variations were less dominant in the MLC field. Based on the
results obtained for the static fields, it was anticipated that VMAT
treatment plans with complex aperture shapes and high beam
modulation would exhibit larger dose calculation variations.
Hence, higher 2SD, =~ and 2SD, values were expected for
complex plans compared to clinical and simple plans. However,
the difference in average values per treatment site was within 0.9
and 1.7% for the PTV and OOls, respectively (Table 2). Statistically
significant differences in 2SD histograms between treatment
plans of different complexity levels were observed in several
cases (Table 1). Differences between complexity levels were
generally smaller than those between individual patient cases.
The evaluations for the open static field were consistent with
the findings of Rostami et al. [7], who performed a comparative
evaluation of dose calculation methods (i.e. AAA and AXB
(v.16.1) in Eclipse and CC and MC in RayStation) similar to those
used in the present study. Similar to their findings, for an open
10x10 cm® field, the dose difference between different
algorithms in the isocenter was less than 1%. In addition, our
study extended the evaluation to include static fields with MLC
protrusions as well as VMAT treatment plans. It is worth noticing
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Figure 4. Representation of voxel-wise 2 standard deviations (2SD, SD with k = 2) distributions for one case each, prostate (plan #1), lung (plan #2), head
& neck (plan #2), and gynecological (plan #3) divided between simple, clinical, and complex plans. For each voxel, the 25D of dose for six different dose
calculation algorithms normalized to the local dose is shown. Voxels with reference dose less than 5% were excluded. For each treatment site, a central slice
through the planning target volume (PTV) is depicted. Coronal views are shown for head & neck cases, transversal for the lung cases, while sagittal views
are presented for prostate and gynecological cases. The red contours refer to the PTVs of the primary tumors, and the blue contours indicate the PTVs of the
lymph nodes. The dark green contours refer to rectum for the prostate and gynecological cases. For the lung case, the spinal cord is depicted with a light
green contour. For the head & neck case, the light green and orange contours refer to the ipsilateral and contralateral parotids, respectively. The reference

dose distribution for each clinical case is shown in the rightmost column.

that Rostami et al. also investigated different beam energies,
flattening-filter-free beams, and varying SSDs. These factors are
not included in this study but are potentially relevant, given
their dependence on the beam model.

Lietal.[13]investigated how discrepancies between different
dose calculation algorithms relate to treatment plan complexity
for Intensity Modulated Radiotherapy (IMRT). They evaluated 53
complexity metrics and found that discrepancies among CC,
MC, and AAA algorithms correlated with some of these metrics.
In their analysis, metrics related to plan modulation (e.g.
variation in MLC speed and acceleration) were found to have
stronger correlations with differences between dose calculation
algorithms than metrics related to the aperture shape, for
example, the edge area metric (EAM) [17, 18]. In the present
study, VMAT plans were divided into different complexity levels.
It has been shown in a previous study that significant differences

in EAM values exist between these complexity levels [16]. In this
study, several statistically significant differences were found in
the SD histograms between plans of different complexity levels.

The number of dose calculation algorithms included in this
study was relatively small, which limits the strength of the
standard deviation estimated in each voxel. This limitation could
be addressed by effectively increasing the sample size through
systematic perturbations of the existing beam configurations,
for example, by introducing small variations to parameters such
as the dosimetric leaf gap (DLG) or leaf transmission. As
demonstrated by former studies, for example [19, 20], even an
offset in the DLG as small as 1 mm can result in notable dose
variations in VMAT plans.

In this study, only dose variations related to the calculation
method were considered. Incorporating additional sources of
uncertainty, such as those related to treatment delivery, would
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Table 1. P-values from Wilcoxon signed-rank tests comparing the standard deviation with k = 2 (2SD) distribution between the clinical and simple version
and between the clinical and complex version for each case. PTV and one organ of interest (OOI) were analyzed: rectum (prostate, gynecological), spinal cord
(lung), contralateral parotid (head & neck).

Case PTV: Clinical vs. simple PTV: Clinical vs. complex OOI: Clinical vs. simple OOI: Clinical vs. complex
Prostate #1 <0.05 <0.05 0.77 0.49
Prostate #2 <0.05 <0.05 0.05 0.11
Prostate #3 0.14 <0.05 0.31 0.49
Prostate #4 0.10 <0.05 0.69 0.31
Prostate #5 0.13 <0.05 <0.05 0.52
Head & Neck #1 <0.05 < 0.005 0.06 <0.05
Head & Neck #2 <0.05 0.92 <0.05 0.53
Head & Neck #3 <0.05 < 0.05 0.40 <0.05
Head & Neck #4 0.17 < 0.05 <0.05 <0.05
Head & Neck #5 <0.05 <0.05 <0.05 0.20
Lung #1 <0.05 <0.05 <0.05 <0.05
Lung #2 <0.05 <0.05 0.59 <0.05
Lung #3 0.24 0.29 0.42 <0.05
Lung #4 0.35 <0.05 <0.05 <0.05
Lung #5 <0.05 <0.05 0.35 <0.05
Gynecological #1 <0.05 <0.05 0.85 0.21
Gynecological #2 0.19 0.06 0.19 0.10
Gynecological #3 0.48 0.18 0.08 0.06
Gynecological #3 <0.05 0.85 0.92 0.95
Gynecological #3 0.31 <0.05 < 0.05 0.16

PTV: planning target volume; OOI: one organ of interest.
PTV and OOl were analyzed: rectum (prostate, gynecological), spinal cord (lung), and contralateral parotid (head & neck).

Table 2. Average values (three cases per treatment site and complexity level) for the maximum standard deviation with k = 2 (2SD) to a volume of 2 cm?
(2SD,_)and the mean value of 2SD (2SD,, ) inside the PTV, in the region 1 cm outside the PTV as well as for one organ (OOI) at risk per treatment site: rectum

2cc Mean’

(prostate, gynecological), spinal cord (lung), and contralateral parotid (head & neck).

Prostate Inside PTV 1 cm outside PTV 0]
Average 25D, (Local %) Simple 1.9 9.7 14.6
Clinical 1.9 11.2 14.8
Complex 2.8 13.1 15.0
Average 25D, . (Local %) Simple 0.9 24 4.2
Clinical 1.0 23 44
Complex 1.2 3.1 5.0
Head & Neck Inside PTV 1 cm outside PTV e]60]]
Average 25D, (Local %) Simple 45 18.0 7.8
Clinical 4.8 18.3 9.1
Complex 5.1 18.7 9.3
Average 25D, . (Local %) Simple 1.1 2.0 3.3
Clinical 1.2 22 43
Complex 1.2 24 47
Lung Inside PTV 1 c¢m outside PTV (e]6]}
Average 25D, (Local %) Simple 1.8 10.2 7.2
Clinical 2.1 133 7.2
Complex 29 12.6 8.9
Average 25D, . (Local %) Simple 0.9 1.9 2.8
Clinical 1.0 2.2 2.8
Complex 1.2 2.6 3.6
Gynecological Inside PTV 1 cm outside PTV OO0l
Average 25D, (Local %) Simple 2.1 8.4 13.3
Clinical 23 9.4 14.8
Complex 2.5 10.5 14.8
Average 25D, . (Local %) Simple 1.1 1.8 2.9
Clinical 1.1 1.9 3.2
Complex 1.1 2.0 33

PTV: planning target volume; OOI: one organ of interest.



allow for a more complete understanding of how different
factors contribute to the overall accuracy of radiotherapy dose
estimation. In this context, our group has previously investigated
delivery-related variations by introducing systematic and
random offsets of treatment machine parameters, to simulate
potential deviations during treatment delivery [16]. Results from
that study showed that 2SDs within the CTV were larger for
plans of higher complexity, highlighting that they are more
sensitive to delivery variations. This was also the case in the
current study where differences between dose calculation
methods were observed between plans of different complexity
for the PTV. Both studies, however, suggest that increased
variations can mainly be observed in regions outside the border
of the PTV, highlighting these regions as more sensitive to both
calculation and delivery variations. Future analyses combining
both calculation and delivery uncertainties could offer valuable
insights into the cumulative effects that influence treatment
quality in advanced radiotherapy.

The different calculation methods agreed well for open static
fields, but larger variations were found in regions near the MLC
leaf-tips, in small fields (< 2 cm) and at large off axis positions
(= 10 cm). For VMAT plans, variations between different dose
calculation methods were larger in OOls, where 2SDs larger than
10% (normalized to local dose) were found in some cases
compared the PTVs, where the 2SDs were most often within 4%.
Differences between patient cases were generally larger than
differences between complexity levels. These findings suggest
that inter algorithm differences, thus the estimated dose
calculation uncertainty, are more strongly influenced by patient-
specific factors than by plan complexity.
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ABSTRACT

Background and purpose: Accurate delineation of organs of interest (OOlIs, also commonly referred
to as organs at risk, OARs) is crucial for safe radiotherapy. While deep learning-based segmentation
using convolutional neural networks has achieved high geometric accuracy, clinical translation is
hindered by overconfident, uncalibrated predictions in anatomically ambiguous regions. Uncertainty
quantification and model calibration are prerequisites for safe clinical workflows. This study com-
pared the standard nnU-Netv2 against its residual-encoding variant (ResEncM), hypothesizing that
ResEncM would demonstrate superior reliability and calibration while maintaining comparable geo-
metric accuracy.

Patient/material and methods: T1-weighted contrast-enhanced MRI scans from 70 brain cancer patients
were used (55 training/validation, 15 testing). Ground-truth contours for brainstem, hippocampi, chiasm,
optic nerves, optic tracts, and pituitary were delineated per Danish Neuro Oncology Group guidelines.
Both architectures were trained using five-fold cross-validation with identical preprocessing. Epistemic
uncertainty was quantified using mutual information, and Expected Calibration Error (ECE) was computed
within a 10-mm isotropic margin around reference contours.

Results: Both models achieved high geometric accuracy (brainstem dice similarity coefficient [DSC] > 0.93,
hippocampi DSC > 0.81). No significant geometric differences were found for large structures. ResEncM
showed significantly lower DSC for the pituitary (p = 0.003) and chiasm (p = 0.018). However, ResEncM
demonstrated significantly lower epistemic uncertainty and ensemble variance across all structures
(p < 0.05), and significantly reduced ECE for the optic chiasm, optic tracts, and pituitary.

Interpretation: Integrating a deep residual encoder into the standard U-Net framework significantly
improves reliability and calibration of automated brain OOl contours while maintaining strong geometric
performance. The ResEncM architecture provides a more trustworthy tool for clinical radiotherapy by reli-
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ably flagging high-uncertainty voxels, supporting confidence-aware clinical workflows.

Introduction

Accurate delineation of organs of interest (OOIs) is crucial for
safe and effective radiotherapy. In the era of artificial intelli-
gence (Al), the field has transitioned from manual contouring - a
process influenced by significant inter-observer variability [1]
and inefficiency - to automated segmentation using Deep
Neural Networks (DNNs) [2]. Among these, the nnU-Net frame-
work established itself as the de facto standard, owing to its
self-configuring approach that robustly handles diverse medical
imaging datasets [3]. However, as the clinical integration of
these models accelerates, the focus of the research community
has moved from pure geometric accuracy (e.g., measured by
Dice Similarity Coefficients) to model reliability, calibration, and
uncertainty quantification (UQ) [4].

Despite the high geometric accuracy of standard
convolutional neural networks (CNNs)-based UNets in medical
image segmentation, their clinical translation is frequently

hindered by a tendency to produce highly overconfident and
uncalibrated predictions in anatomically ambiguous regions. To
address this safety concern, recent literature heavily emphasizes
UQ as a prerequisite for safe human-in-the-loop Al radiotherapy
workflows [5]. UQ fundamentally distinguishes between two
sources of doubt: aleatoric uncertainty, which arises from
inherent data noise such as MRI artifacts or ambiguous tissue
contrast, and epistemic uncertainty, which represents model
ignorance and can be mitigated in part by architectural
improvements or additional training data [6]. To capture this
epistemic doubt, Deep Ensembles - which aggregate
predictions across multiple independently trained models —
have become a widely adopted strategy. They frequently
demonstrate more reliable uncertainty estimation than single
deterministic networks and serve as a highly robust alternative
to Monte Carlo Dropout approximations [7]. Furthermore, the
field is increasingly prioritizing model calibration, measured via
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Expected Calibration Error (ECE) [7], to ensure that a network'’s
output softmax probabilities accurately reflect its true likelihood
of correctness. In simpler terms, calibration ensures that if the Al
is 90% confident in a treatment boundary, that boundary is
actually correct 90% of the time, preventing dangerous
overconfidence. However, while standard U-Net architectures
typically achieve high spatial overlap metrics, they often lack the
internal mechanisms to maintain calibration at complex
boundaries, motivating the exploration of deeper, feature-rich
architectures to inherently improve model reliability [8].

Recent architectural advancements have introduced residual-
encoding variants (such as ResEncM) to the standard nnU-Net
framework. While residual connections are known to improve
feature extraction and gradient flow, their specific impact on
model certainty, predictive stability, and probability calibration in
small or complex brain structures remains under-investigated.

Therefore, this study compared the standard nnUNet (v2)
against its residual-encoding variant (ResEncM) [9]. We
hypothesized that while ResEncM would maintain comparable
geometric accuracy to the standard nnU-Netv2, it would
demonstrate superior reliability and calibration.

Patients/material and methods
Patient data and image acquisition

The study included T1-weighted contrast-enhanced MRI scans
from 70 adult patients with brain cancer, acquired on a 3T MRI
scanner (Philips Ingenia) at a single institution. The dataset was
partitioned into 55 patients for training/validation and 15
patients for independent testing. Ground-truth contours for
OOIs - including the brainstem, hippocampi, chiasm, optic
nerves, optic tracts, and pituitary - were delineated according to
Danish Neuro Oncology Group (DNOG) consensus guidelines
[10].

Model architecture and training

We configured a baseline 3D U-Net (nnU-Netv2) architecture
and a residual-encoding variant (ResEncM) for this study. For
both models, the input included a single modality channel
(T1-weighted contrast-enhanced MRI) with an input patch size
set to 128 x 128 x 128. The baseline nnU-Netv2 consisted of six
depth levels (32, 64, 128, 256, 320, and 320 feature channels,
respectively), utilizing two standard convolutional operations
per encoder and decoder stage.

To evaluate the impact of architectural modifications, the
ResEncM model variant maintained the identical input patch size,
depth levels, and feature channel distribution to ensure a
controlled comparison. However, its standard convolutional
encoder was replaced with a Residual Encoder. Specifically, the
ResEncM encoder stages utilized an increasing number of residual
blocks (1, 3,4, 6,6, and 6 blocks across the respective depth levels)
to enhance feature propagation, while the decoder was
streamlined to utilize a single convolutional operation per stage.
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Both architectures were trained using identical preprocessing
pipelines, data augmentations, and a five-fold cross-validation
strategy. All five folds contributed to the final ensemble
predictions for each test patient.

Uncertainty and calibration assessment

Epistemic uncertainty was quantified voxel-wise using mutual
information, and ensemble variance was derived from the
variance of the softmax probabilities across the model folds. To
evaluate calibration, the ECE was computed per structure using
fold-averaged softmax outputs. ECE calculations were restricted
to a 10-mm isotropic margin around the reference contours to
focus the metric on the clinically relevant organ boundaries.

Geometric accuracy and statistical analysis

Geometric accuracy was evaluated using the Dice similarity
coefficient (DSC) and 1-mm Normalized Surface Dice (1NSD).
Differences in accuracy, uncertainty, and calibration metrics
between nnU-Netv2 and ResEncM were assessed using paired
Wilcoxon signed-rank tests, with statistical significance defined
as p < 0.05.

Results
Geometric accuracy

Both the baseline nnU-Netv2 and the ResEncM architectures
achieved high geometric accuracy across the evaluated OOls.
Median DSC exceeded 0.93 for the brainstem and 0.81 for the
hippocampi for both models (Table 1). Statistical analysis
revealed no significant differences in geometric accuracy (DSC
and 1-mm Normalized Surface Dice) between the two architec-
tures for the majority of the large-volume structures. However, a
slight performance shift was observed for small, highly variable
anatomies; the ResEncM model demonstrated significantly
lower DSC and TNSD compared to the baseline nnU-Netv2 for
both the pituitary gland (p = 0.003) and the optic chiasm (DSC
p =0.018, INSD p = 0.005) (Table 1).

Uncertainty and calibration

Despite the localized reductions in spatial overlap for small
structures, the integration of residual encoding yielded marked
improvements in model reliability and confidence. The ResEncM
architecture demonstrated consistently and significantly lower
epistemic uncertainty and ensemble variance across all evalu-
ated structures (all p < 0.05; see Table 1 for individual p-values)
(Table 1). These reductions were most pronounced for small,
low-contrast anatomies, with the largest quantitative improve-
ments observed in the optic chiasm, optic tracts, and pituitary
gland (Figure 1). Qualitative visual analysis confirmed this find-
ing, revealing a tighter, less diffuse uncertainty profile strictly
along the OOI boundaries for the ResEncM model compared to
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Table 1. Comparison of geometric accuracy (DSC, 1NSD) and uncertainty/calibration metrics (Epistemic Ml, Ensemble Variance, ECE) between the baseline
nnU-Netv2 and the ResEncM architecture across brain organs of interest.

Metric / model

Brainstem

Hippocampi

Optic chiasm

Optic nerves

Opttic tracts

Pituitary

DSC median (Range)

nnU-Netv2 0.94 (0.89-0.97) 0.82 (0.72-0.87) 0.63 (0.28-0.81) 0.71 (0.42-0.77) 0.56 (0.15-0.74) 0.64 (0.51-0.90)
ResEncM 0.94 (0.89-0.96) 0.81(0.73-0.87) 0.61(0.28-0.81) 0.72 (0.45-0.79) 0.58 (0.18-0.75) 0.62 (0.47-0.88)
p-value 0.561 0.561 0.018 0.389 0.679 0.003
1NSD median (range)
nnU-Netv2 0.88 (0.71-0.97) 0.90 (0.74-0.95) 0.77 (0.53-0.98) 0.85 (0.56-0.97) 0.86 (0.31-0.98) 0.68 (0.37-1.00)
ResEncM 0.88(0.72-0.97) 0.92 (0.75-0.96) 0.77 (0.50-0.97) 0.86 (0.57-0.98) 0.82(0.36-0.95) 0.63 (0.35-1.00)
p-value 0.890 0.454 0.005 0.561 0.804 0.003
Epistemic MI Median (Range)
nnU-Netv2 4.6e-4 1.6e-4 8.8e-7 1.6e-5 6.5e-7 8.7e-7
(2.2e-4-6.5e-4) (5.5e-5-3.0e-4) (6.0e-7-8.1e-6) (1.1e-5-4.7e-5) (4.8e-7-1.6e-6) (4.8e-7-1.5e-5)
ResEncM 2.4e-4 8.9e-5 4.4e-10 4.7e-6 3.9e-9 1.7e-8
(1.4e-4-3.2e-4) (3.3e-5-2.1e-4) (7.7e-11-1.0e-7) (2.6e-6-1.7e-5) (9.7e-10-2.5e-8) (5.0e-9-2.6e-7)
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Ens. Variance Median (Range)
nnU-Netv2 3.2e-9 2.6e-11 4.1e-16 2.0e-13 1.6e-16 4.2e-16
(5.8e-10-8.0e-9) (1.9e-12-1.6e-10) (1.6e-16-3.6e-14) (8.9e-14-2.1e-12) (7.6e-17-1.1e-15) (7.8e-17-3.1e-13)
ResEncM 9.8e-10 1.4e-11 2.8e-22 2.5e-14 1.7e-20 2.5e-19
(2.7e-10-2.6e-9) (9.6e-13-7.3e-11) (8.6e-24-1.1e-17) (8.1e-15-4.4e-13) (1.4e-21-7.0e-19) (2.3e-20-7.2e-17)
p-value <0.001 0.049 <0.001 <0.001 <0.001 <0.001
ECE Median
nnU-Netv2 0.02 (0.00-0.06) 0.14(0.12-0.18) 0.09(0.06-0.11) 0.08 (0.06-0.10) 0.07 (0.04-0.08) 0.10 (0.04-0.13)
ResEncM 0.02 (0.01-0.06) 0.14 (0.12-0.18) 0.06 (0.04-0.07) 0.08 (0.06-0.10) 0.05 (0.03-0.07) 0.08 (0.04-0.10)
p-value 0.001 0.391 <0.001 0.358 <0.001 0.005

DSC: dice similarity coefficient; INSD: 1-mm normalized surface dice; MI: mutual information; Ens. Variance: ensemble variance; ECE: expected calibration

error.

Bold, italicized values indicate statistical significance (p < 0.05) based on paired Wilcoxon signed-rank tests (n = 14 pairs for uncertainty and ECE metrics,

n =15 for geometric metrics).

the standard nnU-Netv2 (Figure 2). A comprehensive compari-
son of epistemic uncertainty and ensemble variance maps for all
six OOls is provided in Supplementary Figures 1 and 2,
respectively.

Furthermore, the ECE, computed within a 10-mm isotropic
margin around the reference contours, was significantly reduced
by the ResEncM architecture for the optic chiasm, optic tracts,
and pituitary gland (Table 1). This indicates a much better
alignment between the predicted softmax probabilities and
true segmentation correctness in these challenging regions. ECE
values did not show significant differences between the two
models for the hippocampi and optic nerves. Conversely, the
brainstem exhibited a slight but statistically significant increase
in ECE with the ResEncM model (p = 0.001), though absolute
calibration remained exceptionally high (median ECE 0.02)
(Table 1). Overall, these metrics indicated that the ResEncM
model provided superior calibration and drastically lower
epistemic doubt for challenging structures, effectively
substituting the diffuse, uncertain predictions of the baseline
model with tightly calibrated contours.

Discussion and conclusion

The clinical translation of deep learning for radiotherapy seg-
mentation requires models that are not only geometrically
accurate but also robustly calibrated. In this study, we

demonstrated that modifying the standard nnU-Netv2 architec-
ture with a residual encoder (ResEncM) significantly reduced
epistemic uncertainty and ECE in brain MRI segmentation with-
out broadly compromising geometric accuracy.

Importantly, the baseline geometric accuracy achieved in
this study is highly consistent with current state-of-the-art
clinical benchmarks. For large, high-contrast structures like the
brainstem and hippocampi, our models’ median DSCs (>0.93
and >0.81, respectively) align with or exceed the performance
of established commercial models and previous nnU-Net
implementations, which typically report brainstem DSCs of
0.86-0.89 and hippocampal DSCs of 0.78-0.80. Similarly, for
small, difficult structures like the optic chiasm (DSC ~0.61-0.63)
and optic nerves (DSC ~0.71), our spatial overlap is on par with
recent literature benchmarks that report DSCs ranging from
0.49 to 0.63 for the chiasm and 0.66 to 0.70 for the optic nerves
[111.

Building upon this strong geometric foundation, our findings
align with recent literature emphasizing the critical shift from
pure geometric evaluation toward UQ to ensure clinical safety.
Ren et al. [12] highlighted that standard convolutional networks
often produce overconfident, uncalibrated predictions in
challenging head and neck boundary regions. Similarly, our
baseline nnU-Netv2 exhibited diffuse and overconfident
epistemic doubt at the boundaries of small, low-contrast
structures like the optic chiasm and optic tracts.
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Figure 1. Quantitative impact of residual encoding on epistemic
uncertainty and calibration for brain organs of interest. Box-and-
whisker plots comparing prediction accuracy: Dice Similarity
Coefficient (upper left) and T mm normalized surface Dice (upper
right) and uncertainty: Epistemic Mutual Information (lower left),
and Expected Calibration Error (ECE) lower right between the
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By replacing the standard encoder with an asymmetric,
heavy encoder, light decoder residual architecture, the ResEncM
model effectively mitigated this epistemic doubt. As established
by Ghaffari et al. [13] and Kumar et al. [14], utilizing an increasing
number of residual blocks at the deepest spatial levels maximizes
hierarchical feature extraction and prevents vanishing gradients.
This architectural depth allowed the ResEncM network to build
a vastly more robust internal representation of complex
anatomical relationships before spatial upsampling, granting it
the mathematical capacity to appropriately calibrate its
confidence in ambiguous regions.

Epistemic Uncertainty

Ensemble Variance

baseline nnU-Netv2 (blue) and ResEncM (orange) architectures
for the optic chiasm, optic tracts, and pituitary gland.

it

Interestingly, while ResEncM improved calibration across
most structures, it yielded a significantly lower DSC for the
pituitary gland and optic chiasm. This highlights a critical trade-
off between geometric hedging and mathematical calibration.
Standard U-Net architectures frequently achieve high spatial
overlap by generating diffuse boundaries in ambiguous regions
- inadvertently capturing more of the subjective ground truth
while outputting untrustworthy probabilities. In contrast, the
deep residual encoder forces the network to make sharp, highly
calibrated decisions. While this strict decisiveness penalizes Dice
scores in small, highly variable structures, it drastically reduces

0.0
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0.04 Figure 2. Comparison of ResEncM and nnUNet

epistemic uncertainty for brainstem (top) and
Ensemble Variance (bottom). Slightly tighter val-
ues around the brainstem were seen for ResEncM
compared to nnUNet for both metrics.
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epistemic uncertainty. Conversely, for structurally obvious
organs like the brainstem, the baseline nnU-Netv2 was already
exceptionally well-calibrated. The slight increase in ECE observed
with the ResEncM model for the brainstem suggests that while
deep residual encoding is vital for resolving highly ambiguous
anatomies, it may lead to slight over-parameterization for simpler
segmentation tasks.

Amajor strength of this study is the highly controlled experimental
design; by utilizing the nnU-Netv2 self-configuring framework, we
ensured that all preprocessing, patch sizes, and augmentations were
completely identical, isolating the residual encoder as the sole driver
of the improved ECE and uncertainty metrics. Furthermore,
evaluating calibration within a 10-mm isotropic margin focused our
analytical metrics strictly on the clinically relevant organ boundaries
rather than the easily classified background.

However, several limitations regarding data quality and
scope must be acknowledged. The dataset was restricted
to 70 patients from a single institution, utilizing solely
T1-weighted contrast-enhanced MRI scans. This single-center
approach limits generalizability, as multi-institutional data with
varying MRI acquisition protocols (or multi-parametric MRI)
might influence baseline aleatoric noise and subsequent
calibration. Additionally, the relatively small test cohort
(n = 15) limits the statistical power of the anatomical subgroup
analyses. Finally, our epistemic uncertainty estimation relies on
a standard 5-fold cross-validation ensemble. While practical for
standard training pipelines, an ensemble of only five models
may be insufficient to fully and accurately capture the true
underlying prediction variance, potentially limiting the precision
of our uncertainty estimates. Notably, the current model is
limited to the intracranial OOls defined by Danish Neuro
Oncology Group (DNOG) guidelines that are delineated on T1-
weighted contrast-enhanced MRI; future work should
incorporate additional imaging modalities to enable
segmentation of the full guideline-defined structure set.

Furthermore, while this study focused on geometric and
probabilistic evaluation metrics, we acknowledge that the
ultimate validation of auto-segmentation tools lies in their
dosimetric and clinical impact. Future studies should evaluate
how uncertainty-guided workflows affect treatment plan
quality, clinical acceptability of auto-contours, physician editing
time, and whether uncertainty maps effectively direct clinician
review to regions requiring manual correction.

While this study primarily evaluated output metrics, the
disparity in calibration between the two architectures likely
relates to their fundamental handling of spatial data. One
limitation of the study is a missing internal feature analysis.
Standard nnU-Netv2 employs sequential convolutional blocks
that progressively compress information, whereas the ResEncM
encoder variant utilizes residual ‘identity mappings’ to preserve
high-resolution features from earlier layers. The superior ECE of
ResEncM therefore suggests that this structural preservation of
fine-grained detail may enable more reliable probability
estimation at complex anatomical transition zones, where the

standard architecture may be more prone to over-smoothing or
information loss.

In conclusion, the integration of a deep residual encoder into
the standard U-Net framework significantly improves the
reliability and calibration of automated OOI contours in brain
MRI. By reducing epistemic uncertainty and ECE while
maintaining strong geometric performance, the ResEncM
architecture provides a more transparent and trustworthy tool
for clinical radiotherapy. By reliably flagging high-uncertainty
voxels, this approach supports a safe, ‘confidence-aware’
workflow, effectively directing the clinician’s manual review to
areas where the Al’s internal doubt is justified.
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of film and electronic portal imaging device measurements
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Introduction

The mechanical precision of the treatment unit is paramount in
the successful administration of radiotherapy. This is particularly
true for stereotactic radiosurgery where sub-millimetre geomet-
ric accuracy is desirable [1, 2]. Periodic quality assurance (QA) is
a must to ensure that the unit conforms to the requirements.
Vendor-provided machine performance tests can ease the bur-
den of periodic QA, but they do not remove the need for inde-
pendent verification [3-6].

Two classical methods to assess the mechanical stability of
the radiation isocentres of the external photon therapy unit are
the starshot and Winston-Lutz tests. In the starshot test, a
radiographic film is irradiated with narrow beams at multiple
gantry/collimator/couch angles. The stability of the rotation axis
is assessed by examining the intersection of the beams [7]. The
starshot method can be automated [8], is magnetic resonance
imaging (MRI) -compatible and applicable to treatment units
without electronic portal imaging devices (EPID). The Winston-
Lutz test involves taking portal images of a metal bead
positioned at the estimated isocentre and evaluating its imaged
position with respect to the radiation field edges as a function of
rotation angle [9]. Traditionally the Winston-Lutz test was
irradiated onto film but nowadays EPID may be used for a fully
digital workflow and to extract additional information from it
[10-12].

In this work, we compare an EPID-based Winston-Lutz test
using a starshot irradiation pattern with the film-based starshot
test in the determination of isocentre size and shape in the
transaxial plane. We examine several different treatment units,
collimations and beam types.

Material and methods

Three different treatment units were investigated: a Varian
TrueBeam (with a Millenium multileaf collimator [MLC]), an
Elekta Versa HD (Agility MLC) and a Varian Halcyon (dual-layer
MLC). With the TrueBeam we measured its flattened and flatten-
ing filter free 6 MV photon beams (6X-FLT and 6X-FFF, respec-
tively) with jaw and MLC collimations. This specimen was
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particularly interesting because the focal point of its 6X-FFF
beam had a small lateral/transversal misalignment, which
results in an approx. 1.0 mm central axis (CAX) deviation of the
jaw-collimated crossplane beam profile at the isocentre.

With the Versa HD we measured flattened 6 and 10 MV beams
(6X-FLT and 10X-FLT, respectively) collimated with a combination
of the MLC and jaws. With the Halcyon the dual-layer MLC
collimated flattening filter free 6 MV beam (6X-FFF) was
measured. The collimations for these units were dictated by
their technical properties as Versa HD has only one set of jaws
and Halcyon is jawless.

The film measurements were done using an approx. A4-sized
piece of GafChromic EBT4 film sandwiched between two slabs
of solid water. The phantom was positioned at the isocentre
using the lasers so that the film was in the transaxial plane. The
film was irradiated at 15 gantry angles in 24° intervals starting
from 186° (in IEC61217 scale). The transaxial width of the fields
was nominally 1 cm at the isocentre. Each angle was irradiated
twice at the collimator rotations of 90° and 270° with 150 MU
each to counteract possible asymmetries in collimation. The film
was digitised twice to minimise the errors in the digitisation
process. A self-made FORTRAN programme was used to
determine the field CAXs on the film. The isocentre was taken to
be the point in the middle of the CAX intersection from which
the deviations of the individual CAXs were calculated.

The EPID measurements were performed using a Winston-
Lutz phantom provided in the Elekta Synergy Basic Calibration
Kit MRT 15991. The phantom consisted of a metal bead approx.
8 mm in diameter embedded into a cylindrical acrylic rod. The
bead was positioned to the isocentre using kilovolt cone beam
computed tomography (CBCT)-imaging. Portal images of the
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bead were acquired with the EPID using 10 MU square fields at
15 gantry angles in 24° intervals starting from 186°. The nominal
field size was 2 x 2 cm at the isocentre. At each gantry angle the
images were taken at five collimator rotations divided evenly
over the rotational range (TrueBeam and Versa HD: 0°, 72°, 144°,
216°, 288°; Halcyon: 0°, 45°, 90°, 270°, 315°). The portal images
were fed into a self-made Python programme, which auto-
matically determines the centre positions of the fields and the
bead. Using the bead as a fixed reference point, the CAXs were
determined for each gantry angle from the mean of the field
centres over the collimator rotations. The isocentre was defined
as the point with the smallest sum of the squared distance from
it to all the CAXs projected into 3D space. Only the transversal
components of the CAXs and isocentre were considered for the
further analysis as the longitudinal one has no counterpart in
the film measurements. The technical details of the computer
programmes are presented in the Supplementary material.

Results

The measured transversal deviations of CAX from their esti-
mated isocentres are presented in Figure 1. Except for the
jaw-collimated 6X-FFF of the TrueBeam, the two methods yield
similar deviations for all the tested collimations, beam energies
and units. These are quantified in Table 1 where means, standard
deviations, and maxima of the differences between the meth-
ods are presented. Besides the exception, the mean of differ-
ences over all the gantry angles were within 0.08 mm for all the
beams and collimations. This is of the same order as their calcu-
lated standard errors. The differences between the methods
were within 0.20 mm for any particular gantry angle.

The exception to the trend, the jaw-collimated 6X-FFF of the
TrueBeam, exhibits systematically larger CAX deviations (0.2
mm on average) in the film measurement than in the EPID one.
This is reflected in the larger maximum difference of 0.37 mm,
but the standard deviation of 0.07 mm is in line with the other
measurements. The MLC-collimated 6X-FFF exhibits no such
systematic difference between the methods. However, com-
pared to the 6X-FLT beams of the TrueBeam, the CAX deviations
are clearly larger for 6X-FFF: the mean deviations were 1.1-1.3
mm for the jaw-collimated 6X-FFF and 0.6 mm for the MLC-
collimated 6X-FFF in comparison to 0.2-0.3 mm and 0.1-0.2 mm
deviations of the jaw- and MLC-collimated 6X-FLT beams,
respectively.

Discussion and conclusion

The measured transversal CAX deviations from the estimated
isocentre between the film-based starshot and EPID-based
Winston-Lutz methods were found to agree within 0.2 mm for
every gantry angle for all but one beam. This is in accordance
with the previously reported accuracy of the Winston-Lutz test
with a similar number of sampled gantry angles [10].

The observed 0.2 mm systematic difference between the
methods in the jaw-collimated 6X-FFF of the TrueBeam is most
likely owing to the differences in the collimation and the resulting
geometric magnification of the focal spot misalignment. In the
film test the beams were collimated with the proximal jaws only
whereas in the EPID measurements both proximal and distal
jaws were used. Using basic geometry, a focal spot shift is

magnified at the isocentre by a factor of%—L where SAD is

—=—- Truebeam 6X-FFF JAW - Film

—— Truebeam 6X-FFF JAW - Portal

—~=- Truebeam 6X-FFF MLC - Film

—— Truebeam 6X-FFF MLC - Portal
=== Truebeam 6X-FLT JAW - Film

—— Truebeam 6X-FLT JAW - Portal

——- Truebeam 6X-FLT MLC - Film

—— Truebeam 6X-FLT MLC - Portal
——- Halcyon 6X-FFF MLC - Film

—— Halcyon 6X-FFF MLC - Portal

——- Versa HD 6X-FLT MLC+]AW - Film
—— Versa HD 6X-FLT MLC+JAW - Portal
=== Versa HD 10X-FLT MLC+]AW - Film
—— Versa HD 10X-FLT MLC+)AW - Portal

90°

Figure 1. The deviation of the collimator rotation axis/beam central axis from the determined isocentre as a function of the gantry angle. The polar coordi-
nate presented at the outer rim of the plot represents the gantry angle in IEC61217 scale in degrees and the radial coordinate the distance of the axis from
the isocentre in mm. The solid lines are the results of the EPID measurements and the dashed lines the film measurements. The different tested beams are
identified with colors and they are indicated in the legend on the right. EPID: electronic portal imaging devices.
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Table 1. The means, standard deviations and maxima of differences between centre axis deviations from the isocentre between the film and electronic

portal imaging measurements over the 15 sampled gantry angles.

Unit, beam, collimation Mean difference (mm)

Standard deviation (mm) Maximum difference (mm)

Halcyon 6X-FFF MLC -0.006 £ 0.011
Truebeam 6X-FFF JAW -0.20 £ 0.02
Truebeam 6X-FFF MLC -0.06 + 0.02
Truebeam 6X-FLT JAW 0.04 £ 0.02
Truebeam 6X-FLT MLC 0.041+£0.015
Versa HD 6X-FLT MLC+JAW -0.01 £ 0.02
Versa HD 10X-FLT MLC+JAW 0.07 +0.02

0.04 0.11
0.07 0.37
0.06 0.20
0.07 0.18
0.06 0.17
0.06 0.13
0.06 0.17

the source-axis distance and d is the distance of the midpoint of
the collimation device from the source. For TrueBeam SAD = 100
c¢m and midpoint distances of the proximal jaws, distal jaws and
the MLC are 31.9, 40.6, and 50.9 cm, respectively. Therefore, the
geometric magnification factors for the proximal jaws, (mean
of) proximal+distal jaws, and MLC are 2.13, 1.80, 0.96,
respectively. Assuming a focal spot shift of 0.6 mm, this would
lead to the respective CAX deviations of 1.3, 1.1, and 0.6 mm
projected at the isocentre, which are in accordance with the
measured values.

The results indicate that both tests can accurately determine
the CAX deviations of a treatment unit. However, the choice of
collimation can affect to the results of periodic QA and possibly
to the frequency of the service actions triggered by them. If the
MLC is the primary mode of collimation, then performing QA
using jaw-collimated beams can lead to an overly pessimistic
estimation of the clinical performance of the unit and cause
unnecessary maintenance and downtime. On the other hand,
the observed differences between the MLC- and jaw-collimated
beams can shed light on the nature of the CAX deviations and
thus aid in their troubleshooting.

In conclusion, we have compared an EPID-based Winston-
Lutz test using a starshot irradiation pattern to a film-based
starshot test in the determination of the isocentre size and
shape of external radiotherapy units. In terms of the measured
transversal CAX deviations from the estimated isocentre, the
methods were found to agree within 0.2 mm in the typical case.
However, systematic differences were observed in the presence
of the focal spot misalignment. These are most likely attributed
to differing geometric magnifications at the isocentre which
depend on the used collimation device. This may impact the
interpretation of QA results and maintenance actions taken
based on them.
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Introduction

In metastatic castration-resistant prostate cancer (mCRPC), the
treatment options are limited to palliative approaches, includ-
ing targeted radionuclide therapy (TRT) using Lutetium-177
prostate-specific membrane antigen ([177Lu]Lu-PSMA) [1, 2].
Eligibility for ['"’Lu]Lu-PSMA therapy is commonly assessed with
a pre-treatment Fluorine-18 ["®F]F-PSMA positron emission
tomography/computed tomography (PET/CT) to confirm suffi-
cient PSMA accumulation in tumor lesions [3].

TRT is typically administered with fixed activity, not account-
ing for interpatient variability in biodistribution and biokinetics,
leading to potential under- or overtreatment in some patients
[4, 5]. The kidneys are considered critical organs in ["’Lu]Lu-
PSMA therapies, in addition to red bone marrow, salivary, and
lacrimal glands. Patient-specific dosimetry is recommended [6].

There is significant variation in the reported dose estimates,
which may be not only related to patient characteristics but also
to the influence of heterogenous methodological factors [7].
Post-treatment dosimetry in ["7Lu]Lu-PSMA therapy is typically
performed using single-photon emission computed tomography/
computed tomography (SPECT/CT), but the imaging time points,
acquisition and reconstruction protocols, and segmentation
methods vary between centers. There are initiatives for
harmonization [8-10]. Several studies have addressed the
predictive power of pre-therapy PSMA PET imaging with
promising, yet varying results [11-13]. No established method
exists to use pre-therapy PET imaging for individualized dose
planning in PSMATRT.

Recent studies report correlations between the ["7Lu]Lu-
PSMA absorbed dose to tumor, the pre-treatment PSMA PET/CT
uptakes, and treatment response, suggesting the treatment
response could be refined with a dosimetric approach [14, 15].
Preliminarily, we hypothesize that pre-treatment PSMA PET/CT
may provide quantitative information to predict absorbed
doses. Exploration of the technical factors is a mandatory step
preceding this, and a pilot approach was taken.
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Patients/material and methods
Patient data

This retrospective feasibility study included five mCRPC
patients who underwent both ['®F]F-PSMA (['®F]F-PSMA-1007)
pre-treatment PET/CT imaging and ["’Lu]Lu-PSMA (['"’Lu]
Lu-PSMA-I&T) therapy followed by two time-point post-treat-
ment SPECT/CT imaging at the Hospital District of Helsinki
(HUS).

['”Lu]Lu-PSMA therapy was carried out with an administered
activity of 7.4 GBq (+5%) per cycle. Dosimetry results from the
first therapy cycle are studied.

In total, 10 kidney and six bone lesion volumes of interest
(VOI) were analyzed. The patient-specific administered activities
and CT-based volumes of kidneys and bone lesions are
summarized in Table 1. The methodological workflow is
presented in Supplementary Appendix A.

Imaging and reconstruction protocols

PET/CT imaging was performed approximately 90 min post ['éF]
F-PSMA injection. Two SPECT/CT scans were taken approxi-
mately 24 h and a week post-treatment [6].

For PET/CT, either GE Healthcare Discovery MI (GE Healthcare,
Chicago, IL, USA) or Siemens Biograph mCT 64 R4 (Siemens
Healthcare, Erlangen, Germany) was used with EARL2-compliant
reconstructions [16]. For SPECT/CT, Siemens SYMBIA pro.Specta
Q3 (Siemens Healthcare, Erlangen, Germany) was used with
Ordered Subsets Conjugate Gradient Minimizer (OSCGM)
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Table 1. Administered activities of ['®F]F-PSMA for pre-treatment PET/CT and ['"’Lu]Lu-PSMA treatment, including the CT-based segmented volumes for

kidneys, denoted as K for left and K_ for right, and bone lesions, denoted as B, .

['®FIF-PSMA PET/CT ["7LulLu-PSMA SPECT/CT
V. [mL] v, [mL]

Patient # A [MBq] K. K, BL A [GBd] K, K, BL

1 219 147 17 38 75 163 160 3.7

2 301 249 236 1.2 7.6 258 240 104
3(1) 219 141 131 16.4 73 150 164 63
3(2) 96 6.6

4 213 121 145 18.0 7.1 132 145 2038

5 244 116 147 0.5 7.4 19 168 0.9
Median (range) 219 (213-301) 143 (116-249) 10.4 (0.5-18.0) 7.4(7.1-7.6) 165.5 (119-258) 6.5(0.9-20.8)

PSMA: Prostate-specific membrane antigen; PET/CT: Positron emission tomography/computed tomography; V_: CT-based delineated volume; SPECT:
Single-photon emission computed tomography; K : Left kidney; K: Right kidney; B, : Bone lesion.

reconstruction [17]. Imaging and reconstruction parameters are
listed in Appendix B.

Segmentation

The kidneys and bone lesions were segmented separately on
the PET/CT and SPECT/CT images, using CT- and gradient-based
approaches. CT-based kidney segmentation was performed
using MIM Software’s ProtegeAl+ workflow, while lesions were
manually segmented on CT [18]. Gradient-based segmentation
for both kidneys and lesions was performed using the PET/
SPECT intensity gradient-based PET Edge tool in MIM Software
[19]. Only lesions clearly visible in PET, SPECT, and CT images
were included.

Recovery coefficients

Recovery coefficient (RC) correction was applied to activity
uptakes on CT-based bone lesion volumes to improve post-ther-
apy SPECT scan’s quantitative accuracy. RCs for SPECT’s OSCGM
reconstruction were determined using the standard
International Electrotechnical Commission (IEC) Body Phantom
from the National Electrical Manufacturers Association (NEMA)
[20]. The phantom spherical inserts were filled with '’Lu water
solution (6.6 £ 0.2 MBg/g), followed by SPECT/CT scan using
Siemens Pro.Specta Q3 [21]. Detailed imaging parameters are
found in Supplementary Appendix B.

Dosimetry and dose prediction

Post-therapy absorbed doses were determined based on two-
time-point SPECT/CT imaging and implemented in MIM
Software [5].

Pre-treatment dose predictions were derived from PET/CT
using an experimental dosimetry module (Madsen Dosimetry
Estimator, MIM Software) [22], which extrapolates absorbed
dose from pre-therapy activity distributions under specified
effective half-life assumptions, detailed below.

Three different effective half-lives for kidneys and bone
lesions were tested: patient-specific values observed from post-
therapy SPECT/CT dosimetry (CT-based volumes and OSCGM

reconstruction), and two literature-based values by Schuchardt
et al. (33 h for kidneys and 43 h for bone lesions) [23], and
Karimzadeh et al. (39 h for kidneys and 56 h for bone lesions)
[24]. The patient-specific post-therapy dosimetry results and
effective half-lives were considered as the reference, while
literature half-life-based predictions were evaluated against
these to assess the feasibility of dose prediction without the
prior knowledge of individual kinetics.

Results
Recovery coefficients

SPECT recovery coefficients were modeled using monoexpo-
nential fits. For OSCGM reconstruction, the recovery curve was:

RC=1.090-1.607¢0020

where D is the sphere diameter (mm). The RC measurements
and the model fit are presented in Supplementary Appendix C.

Post-therapy dosimetry using SPECT/CT

The kidneys’ median absorbed dose using OSCGM reconstruc-
tion and CT-based segmentation was 3.1 Gy (range 2.0-5.9 Gy).
For bone lesions, the median absorbed dose was 33.8 Gy (range
10.4-68.9 Gy). Patient-specific results can be found in Table 2
(underD_,).

Using OSCGM reconstruction and gradient-based
segmentation, the kidney median absorbed dose was 2.7 Gy
(range 1.8-8.9 Gy), and the median bone lesion absorbed dose

was 20.6 Gy (6.5-44.5 Gy).

Pre-therapy dose estimation using PET/CT

Table 2 summarizes the key findings: PET/CT-based absorbed
dose predictions for kidneys and bone lesions using literature
effective half-lives [23], with SPECT/CT-based observed
absorbed doses and corresponding effective half-lives, using
current local clinical methodology. Here, the literature half-lives
[23] were chosen as the study included more patients (51
patients in [23] vs. 16 in [24]). The median ratio between
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Table 2. Absorbed dose predictions (D

Schuchardt)
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derived from pre-treatment PET/CT scan, using CT-based segmentation and literature effective half-lives [23]

for kidneys (t., .. = 33 h) and bone lesions (t,, . =43h).
Kidneys
PET/CT SPECT/CT Ratio of doses from PET/SPECT

Dschuchra [GY] D, [GY] tee [h] —_,
Patient L R L R L R L R
1 7.5 6.6 3.1 3.1 30 32 24 2.1
2 5.0 5.8 2.0 24 28 29 2.5 24
3 4.5 2.8 3.7 43 35 30 1.2 0.7
4 5.5 5.5 2.0 2.1 32 30 2.8 2.6
5 4.6 6.0 4.1 5.9 29 29 1.1 1.0
Median (range) 5.5(2.8-7.5) 3.1 (2.0-5.9) 30 (29-35) 2.3(0.7-2.8)
Bone lesions
1 1.5 104 67 0.1
2 13.7 21.2 61 0.6
3(1) 28.1 68.9 159 0.4
3(2) 14.2 49.2 159 0.3
4 246 46.3 61 0.5
5 239 16.7 32 1.4
Median (range) 19.1 (1.5-28.1) 33.8(10.4-68.9) 64 (32-159) 0.5 (0.1-1.4)

PET: Positron emission tomography; SPECT: Single-photon emission tomography.

SPECT/CT-based mean absorbed doses (D ) and effective half-lives (tref)

ref

are reported using CT-based segmentation and OSCGM reconstruction. Activity

uptakes on CT-based lesion volumes have been RC corrected for post-therapy dosimetry results. Prediction performance is expressed as the ratio of PET/

CT-based predicted doses to SPECT/CT-based observed doses.

PET-predicted and SPECT-observed absorbed doses for kidneys
was 2.3 (range 0.7-2.8). For lesions, the corresponding median
ratio was 0.5 (range 0.1-1.4).

Using the literature effective half-lives [24], the median ratio
for kidneys was 2.8 (range 0.8-3.6) and for lesions 0.6 (range
0.2-1.8). Using the reference effective half-lives in PET prediction,
the median ratio was 2.3 (range 0.6-3.2) for kidneys and 1.0
(range 0.2-1.5) for lesions.

Dose predictions for combinations of the three effective half-
lives and the two segmentation methods are presented in detail
in Supplementary Appendix D and E.

Discussion

This pilot study evaluated the feasibility of pre-treatment dosim-
etry from single time-point ['8F]IF-PSMA-1007 PET/CT to predict
absorbed doses in ['7’Lu]Lu-PSMA-I&T therapy. The main prelim-
inary finding is that PET-based dose prediction tended to over-
estimate kidney absorbed dose and underestimate the bone
lesion absorbed dose, with substantial interpatient and inter-le-
sion variability. The segmentation methods produced more con-
sistent dosimetry results for kidneys, while greater variability
was observed in lesions. The median absorbed doses were com-
parable to those reported in previous studies [14, 23-28].

Clearly, our pilot approach had limitations. First, the study
had a limited patient cohort, and consequently such a limited
sample size has no statistical power. The number of analyzed
lesions per patient was limited due to the selection criteria,
leading to potential high uncertainty. Further studies with a
larger sample size are needed.

Furthermore, only the low-dose, noncontrast CT scans were
utilized with PET and SPECT imaging. Using diagnostic CT and

MRI scans could improve the accuracy of lesion delineation. The
volumes of the lesions analyzed were below 21 mL, and the
partial volume effect limits accurate activity estimation. Basic RC
correction was carried out for post-therapy SPECT/CT scans with
diligent registration to counterbalance these effects. PET-based
lesion dose predictions could be improved by applying similar
corrections. Despite EARL2 reconstructions, the use of two
different PET/CT systems may affect the quantitation.

The SPECT-observed effective half-lives for the kidneys
aligned more closely with the first set of literature-reported
effective half-lives [23] than with the second set [24]. On the
other hand, the SPECT-observed mean effective half-lives for
bone lesions resembled the second set of literature values [24]
more than the first [23]. Especially the SPECT-observed bone
lesion effective half-lives exhibited a wide range of values,
speaking for the need of using patient- or tumor-specific
effective half-lives to achieve better accuracy in dose prediction.
The accuracy of post-treatment dosimetry results could be
improved using SPECT/CT scans from more time points. The
results could also improve, for instance, with population
pharmacokinetic modeling [29].

An avenue to explore could be to find systematic correction
factors that can be applied to reduce the bias between predicted
and calculated absorbed doses. This concept was researched by
Peters et al. [30] using pre-treatment ®®Ga-PSMA-11 PET imaging
to predict the absorbed dose in ['"’LulLu-PSMA-617 treatment.
They reported a scaling factor of 2.2 for kidneys. Lesions showed
large interpatient variation. We could not determine such
tentative PET/SPECT correction factors in this pilot study.

The predictive power of pre-treatment PET imaging has been
studied more extensively in the case of somatostatin receptor
radionuclide therapy with statistically significant yet modest
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results [31]. The kinetic difference between the short-lived PET
tracers and the therapy agents (['®F]F-PSMA-1007 vs. ['”’Lu]Lu-
PSMA-I&T [32]) may present a limitation that cannot be fully
resolved. The short physical half-life of 'F limits the time-point
of PET/CT imaging, giving an image of a relatively early
distribution and clearance. A potential solution to address this
issue could be using a longer-lived PET or SPECT-compatible
isotope to enable imaging at later time-points [33, 34].

Conclusion

In this feasibility study, dose prediction for the first ["7Lu]
Lu-PSMA-I&T treatment cycle based on ['®F]F-PSMA-1007 PET/
CT overestimated kidney absorbed dose and underestimated
bone lesion absorbed dose compared to post-treatment SPECT/
CT-based absorbed doses. Observed substantial interpatient
variation suggests caution in PET-based dose prediction and the
need for further studies.
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