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Komentar

Radioterapie je po chirurgii nejucinnéjsi metodou 1é€by rakoviny a samostatné piispiva
k vylé€eni pfiblizné¢ 40 % nadorovych onemocnéni. Jeji G€innost byla rozpoznana témct
okamzité¢ po objevu rentgenového zatfeni vroce 1895, pfiCemz prvni vyuziti k 1écbé zeny
S karcinomem prsu bylo zaznamenano jen né¢kolik dni po jeho objeveni. Od té¢ doby se vyvoj
radioterapie soustiedil pfedevsim na zvySovani presnosti aplikace davky, zlepSovani biologické
ucinnosti a zkracovani celkové doby lécby. Tyto pokroky se nejvyrazngji projevily
ve stereotaktické radioterapii, n€kdy oznaované jako radiochirurgie.

Stereotaktickd radioterapie predstavuje moderni pfistup k 1écbé nadorovych
onemocnéni. Jeji hlavni vyhodou je moZznost aplikace extrémné piesné cilenych, vysokych
davek zatfeni pifimo do nadorovych lozisek, pficemz okolni zdravé tkdné jsou maximalné
Setfeny. Tato technika vyuZzivd moderni linedrni urychlovade s pokrocilym obrazovym
navadénim, monitoringem pohybi nadoru a jeho okoli, rychlou aplikaci davky
a sofistikovanymi kontrolnimi systémy. Diky témto technologickym inovacim umoziuje
stereotaktickd radioterapie bezpecnou aplikaci vyssich davek, coz zlepSuje lokalni kontrolu
onemocnéni a zvysSuje Sance pacientll na dlouhodobé pieziti.

Piivodné byla tato metoda urena vyhradné k 1é¢bé 1ézi v nehybném mozku, avsak
technologicky pokrok v devadesatych letech umoznil jeji rozsifeni i na extrakranialni loziska,
jejichz poloha se méni v zavislosti na dychani nebo pohybu gastrointestinalniho traktu. Od té
doby prosla stereotakticka radioterapie vyraznym vyvojem — pokrocilé zobrazovaci metody,
preciznéj$i planovaci systémy a efektivnéj$i fizeni pohybu nadoru spolu s modernimi
kontrolnimi mechanismy pfispivaji ke zvySeni bezpe€nosti a u¢innosti 1éCby.

Klinické studie jednozna¢né prokazaly vysokou uc¢innost extrakranialni stereotaktické
radioterapie (SBRT, stereotactic body radiotherapy) pii 1é¢bé primarnich nadorti i metastaz.
Vynikajici lokalni kontrola, prodlouzené pieziti a minimalni toxicita zafadily SBRT mezi
standardni 1é¢ebné metody pro lokalizované nemalobunééné karcinomy plic, nadory jater,
ledvin, slinivky bfi$ni a prostaty. Usp&iné se vyuziva také pii 1é¢bé primarnich malignich
I benignich nador patefe a michy. Vyznamnou skupinu pacienti tvofi jedinci
s oligometastatickym onemocnénim, u nichz je postiZzeni limitovano mnoZstvim 1€zi i poctem
postizenych organt. Prave tato skupina pacienti z cilené 1écby vyznamné profituje.

Stereotaktickd radioterapie navic postupné nachazi uplatnéni i v novych indikacich,
napiiklad v 1éc¢bé nadori prsu, hlavy a krku, gynekologickych malignit ¢i dokonce

U pokrocilého polymetastatického onemocnéni. Dal$i vyzvou do budoucna je vyuziti



synergického potencidlu SBRT ve spojeni s modernimi imunomodula¢nimi preparaty, coz by
mohlo rozsifit jeji vyuziti i do oblasti, kde byla dosud povazovana za experimentalni.

Kurativni — ablativni — potencidl stereotaktické radioterapie v fad¢ indikaci 1épe
vystihuje jeji druhy, novéjsi nazev. SABR (stereotactic ablative radiotherapy) stavi tuto metodu
na uroven ostatnich ablativnich postupt, jako je chirurgie, radiofrekvencni ¢i termalni ablace.
V soucasnosti se SABR stala béznou klinickou realitou a pfedstavuje vyznamny milnik v 1é¢bé
rakoviny. Moznost zkratit radioterapii na pouhé 1-3 frakce a dosdhnout vyléceni nddoru béhem
jediného tydne piinasi nejen medicinské, ale i socidlni a ekonomické benefity pro pacienty
I cely zdravotnicky systém. Zajisténi dostupnosti u¢inné péce pro vSechny pacienty je jednim
z kli¢ovych cilt moderni onkologie. SABR K jeho naplnéni vyznamné pfispiva.

Tato prace se vénuje extrakranidlni stereotaktické radioterapii a jejimu vyuZiti v klinické
praxi. Popisuje zakladni principy a indikace této metody, technologie vyuZivané pii planovani
a aplikaci 1é¢by a poskytuje ptehled moznych nezddoucich ucinkli a jejich feSeni. Text
je systematicky ¢lenén podle jednotlivych lokalit postizeni a zahrnuje jak primarni nadory, tak
oligometastatické onemocnéni. Kromé teoretickych poznatkti obsahuje i osobni zkuSenosti,
dokumentované odbornymi publikacemi zaméfenymi na lé¢bu primarnich néador plic
a slinivky biisni, stejné jako oligometastatického postizeni plic, jater a lymfatickych uzlin. Cela
prace je tak koncipovana jako komentovany soubor publikovanych praci. Jednotlivé prace
se prolinaji celym textem s uvedenim v tématicky relevantnich ¢astech.

Dynamicky rozvoj stereotaktickych technik umoziuje jejich stale Sirs$i vyuziti, a to
i v oblastech, které dfive nebyly povazovany za typické indikace. NaSe pracovisté
implementovalo SBRT technologii do adjuvantni 1é¢by nizkorizikového karcinomu prsu, kde
byla pouzita k cilenému ozafeni lizka tumoru po prs zdchovné operaci. V ramci grantového
projektu zaméteného na akcelerované parcialni ozafeni prsu (APBI — accelerated partial breast
irradiation; hlavni fesitel MUDr. Petr Burkon, Ph.D.) bylo provedeno klinické hodnoceni
proveditelnosti a bezpecnosti této metody. Vysledky studie prokazaly nejen jeji snadnou
realizovatelnost v klinické praxi, ale také jeji onkologickou ucinnost a nizkou toxicitu. Tyto
poznatky oteviraji moznosti Sirsiho vyuziti SBRT v individualizované 1é¢bé¢ pacientek s Casnym
karcinomem prsu. Vysledky tohoto projektu byly publikovany v odbornych casopisech a jsou

soucasti této prace.



Commentary

Radiotherapy is the most effective cancer treatment after surgery, contributing to the
cure of approximately 40% of malignant diseases as a standalone modality. Its therapeutic
potential was recognized almost immediately after the discovery of X-rays in 1895, with the
first attempts at using radiation for the treatment of breast cancer patient documented just days
after its discovery. Since then, radiotherapy has focused on increasing dose precision,
improving biological effectiveness, and shortening the overall treatment duration. These
advancements are most evident in stereotactic radiotherapy, sometimes referred to as
radiosurgery.

Stereotactic radiotherapy represents a modern approach to cancer treatment, offering the
ability to deliver highly precise and intense radiation doses directly to tumor sites while
minimizing exposure to surrounding healthy tissues. This technique utilizes advanced linear
accelerators with sophisticated imaging guidance, tumor motion monitoring, rapid dose
delivery, and stringent quality control systems. These technological innovations allow for the
safe administration of higher radiation doses, leading to improved local tumor control and
increased patient survival rates.

Initially, this method was exclusively used for treating lesions in the immobile brain.
However, technological advancements in the 1990s enabled its expansion to extracranial
lesions, whose positioning is influenced by respiratory movements or gastrointestinal tract
activity. Since then, stereotactic radiotherapy has undergone continuous refinement—new
imaging techniques, more precise treatment planning systems, enhanced tumor motion
management, and modern quality control mechanisms have significantly improved the safety
and effectiveness of the treatment.

Clinical studies have clearly demonstrated the high efficacy of extracranial stereotactic
radiotherapy (SBRT) in treating both primary tumors and metastatic lesions. Its excellent local
tumor control, prolonged overall survival, and minimal side effects have established SBRT
as a standard treatment option for localized non-small cell lung cancer, liver, kidney,
pancreatic, and prostate tumors, as well as for primary malignant and benign tumors of the spine
and spinal cord. A significant subset of patients benefiting from this approach includes those
with oligometastatic disease, characterized by a limited number of metastatic lesions and
affected organs. These patients particularly benefit from targeted treatment strategies.

Moreover, stereotactic radiotherapy is increasingly being explored for new indications,
including breast cancer, head and neck tumors, gynecologic malignancies, and advanced



polymetastatic disease. A key challenge for the future is harnessing the synergistic potential
of SBRT in combination with modern immunotherapeutic agents, which could extend
its application to previously experimental areas.

The curative — ablative — potential of stereotactic radiotherapy is better reflected
in its more recent designation: SABR (stereotactic ablative radiotherapy). This term aligns the
technique with other ablative modalities, such as surgery, radiofrequency ablation, and thermal
ablation. Today, SABR has become a standard clinical reality and represents a significant
milestone in cancer treatment. The ability to condense radiotherapy into just 1-3 fractions and
achieve tumor eradication within a week provides substantial medical, social, and economic
benefits for patients and healthcare systems alike. Ensuring access to effective care for all
patients is one of the key objectives of modern oncology, and SABR plays a significant role
in achieving this goal.

This study focuses on extracranial stereotactic radiotherapy (SBRT) and its application
in oncology. It describes the fundamental principles and indications of the method, the
technologies used in treatment planning and delivery, and provides an overview of potential
side effects and their management. The text is systematically structured according to tumor
localization and covers both primary tumors and oligometastatic disease. In addition
to theoretical insights, it includes personal clinical experience documented in peer-reviewed
publications on the treatment of primary lung and pancreatic tumors, as well as oligometastatic
disease affecting the lungs, liver, and lymph nodes. The entire work is conceived
asa commented collection of published papers. The individual studies are interwoven
throughout the text and referenced in thematically relevant sections.

The rapid advancement of stereotactic techniques has facilitated their increasing use
in modern oncology, even in areas previously considered outside their standard indications. Our
institution has implemented SBRT technology in the adjuvant treatment of low-risk breast
cancer, specifically for targeted irradiation of the tumor bed following breast-conserving
surgery. As part of a grant-funded project on accelerated partial breast irradiation (APBI; PI
dr. Burkon), clinical evaluations were conducted to assess the feasibility and safety of this
method. The study results confirmed not only its practical applicability in clinical practice but
also its oncological efficacy and low toxicity. These findings open new possibilities for the
broader use of SBRT in individualized treatment strategies for patients with low-risk early-
stage breast cancer. The results of this project have been published in peer-reviewed journals

and are included in this study.



1. Burkon P, Slavik M, Kazda T, PospiSil P, Prochazka T, Vrzal M, §lampa P.
Extrakranialni stereotakticka radioterapie — prehled sou¢asnych indikaci. / Stereotactic
body radiotherapy - Current indications. Klin Onkol. 2019; 32(1):10-24. doi:
10.14735/amko0201910. Document type: Review; Category: ONCOLOGY; SJR: Q4.

The review article published in Klinicka onkologie provides a fundamental overview
of the indications for stereotactic body radiotherapy (SBRT), the radiation doses used, and
potential side effects. Thanks to advances in imaging guidance, treatment planning, and dose
delivery, SBRT has become a standard part of treatment for primary tumors and
oligometastases, particularly in cases where resection is not an option. It has curative potential
in lung and prostate cancers and can extend survival in oligometastatic disease while delaying
the need for systemic therapy, thereby improving patients' quality of life. It also discusses other
indications, such as pancreatic cancer and hepatocellular carcinoma. The article was awarded
the Best Publication Prize in Klinicka onkologie in 2019.

Experimental work  Supervision (%) Manuscript (%) Research direction
(%) (%)
80 25 80 25

2. Burkoin P. Extrakranialni stereotakticka radioterapie. / Stereotactic body

radiotherapy. In: Slampa P a kol. Radiani onkologie, pro postgradualni p¥ipravu
i kazdodenni praxi. Maxdorf. Praha 2021, s. 597-615 (celkem 772 stran). ISBN 978-80-
7345-674-0

The book Radiation Oncology, led by Prof. MUDr. Pavel Slampa, CSc., provides
an overview of current knowledge and recommended procedures in the field of radiation
oncology. It focuses on the therapeutic use of ionizing radiation in the treatment of malignant
diseases, which has undergone significant technological and clinical advancements in recent
years, fundamentally influencing oncological treatment strategies. The book serves
as a practical guide for daily clinical practice as well as a study resource for specialization
exams. Dr. Burkon is the lead author of the chapter on stereotactic ablative radiotherapy
(SABR), which offers a detailed insight into the practical aspects of this method. It provides
a clear overview of its key indications, references relevant literature, and discusses the technical
aspects of treatment planning, radiation delivery, potential side effects, and patient follow-up.
This chapter serves as a key guide for the proper implementation of stereotactic therapy
in oncological practice.

Experimental work  Supervision (%0) Manuscript (%0) Research direction
(%) (%)
100 100 100 100



3. Burkon P, Trna J, Slavik M, Nemecek R, Kazda T, Pospisil P, Dastych M, Eid M,
Novotny I, Prochazka T, Vrzal M. Stereotactic Body Radiotherapy (SBRT) of Pancreatic
Cancer-A Critical Review and Practical Consideration. Biomedicines. 2022 Oct
4;10(10):2480. doi: 10.3390/biomedicines10102480.

Document type: Article review; IF = 4,7; Quartile by IF: MEDICINE, RESEARCH &
EXPERIMENTAL Q2; Quartile by AIS: MEDICINE, RESEARCH &
EXPERIMENTAL Q3.

The review article published in Biomedicines in 2022 explores stereotactic body
radiotherapy (SBRT) as a promising treatment approach for unresectable locally advanced
pancreatic cancer. Pancreatic cancer is the third most common cause of cancer-related death
in developed countries, with an incidence that continues to rise. Surgical resection remains the
only curative option, but for most patients, it is not feasible. Neoadjuvant therapy, combining
systemic treatment with radiotherapy, may increase patients' chances of successful treatment.

Compared to conventional radiotherapy, SBRT offers several advantages — it allows
for higher radiation doses to the tumor while minimizing exposure to surrounding tissues,
shortens treatment duration, and can be better integrated with chemotherapy. The article
provides an overview of current evidence on SBRT indications for pancreatic tumors, describes
practical aspects of treatment planning and delivery, and discusses the future potential
of MR- linac systems. The combination of SBRT with modern cytostatics may help extend
patient survival from months to years.

Experimental work  Supervision (%) Manuscript (%) Research direction
(%) (%)
70 40 70 40

4, Burkon P, Kazda T, Pospisil P, Slavik M, Kominek L, Selingerova I, Blakaj DM,
Prochazka T, Vrzal M, Rehak Z, Slampa P. Ablative dose stereotactic body radiation
therapy for oligometastatic disease: a prospective single institution study. Neoplasma.
2019; 66(2): 315-325. doi: 10.4149/neo_2018 180731N558.

Document type: Article; IF = 1.721; Quartile by IF: ONCOLOGY Q4; Quartile by AIS:
ONCOLOGY Q4.

This paper summarises the results and conclusions of a prospective single-institution
study focused on the use of high-dose radiotherapy in the treatment of oligometastatic
involvement of the lungs and liver with metastases from various primary tumors. Stereotactic
radiotherapy/radiosurgery is a highly effective, non-invasive ablative treatment method with
curative potential for managing oligometastatic disease. More than one-fifth of patients treated
in this way achieve long-term survival (over 8 years) without any signs of disease. Dr. Burkon’s
team was the first to implement a stereotactic program in clinical practice in the Czech
Republic.
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The aim of this study was to analyse long-term survival, tumor control outcomes, and
safety of stereotactic radiotherapy in an unselected cohort of patients from real-world clinical
practice in oligometastatic settings. Consistent with other publications, findings confirmed that
the effectiveness of this treatment increases with the applied dose and decreases with the
number of irradiated lesions. In addition to standard toxicity and survival parameters, we report
unique outcomes, such as the time to polymetastatic conversion of the disease and the time until
the need for subsequent oncologic treatment. Finally, we demonstrated that this treatment
represents a safe and effective option for managing oligometastatic disease, with approximately
30% of patients not requiring subsequent oncologic treatment two years after SBRT.

Within Czech radiation oncology, this was the first significant publication addressing
the outcomes of stereotactic radiotherapy for oligometastatic disease in the Czech Republic.
In 2023, the paper was cited in Lancet Oncology as one of the sources for the meta-analysis
used to develop recommendations for combining SBRT with systemic targeted therapies.
In 2024, it was cited in Lung Cancer as one of the key sources used in developing SBRT
treatment recommendations for oligometastatic lung disease.

Experimental work  Supervision (%) Manuscript (%) Research direction
(%) (%)
65 70 60 70

5. Burkon P, Selingerova I, Slavik M, Pospisil P, Bobek L, Kominek L, Osmera P,
Prochazka T, Vrzal M, Kazda T, Slampa P. Stereotactic Body Radiotherapy for Lymph
Node Oligometastases: Real-World Evidence From 90 Consecutive Patients. Front Oncol.
2021 Feb 5;10:616494. doi: 10.3389/fonc.2020.616494.

Document type: Article; IF =5.738; Quartile by IF: ONCOLOGY Q2, Quartile by AIS:
ONCOLOGY Q2.

The aim of this publication was to evaluate the efficacy and toxicity of extracranial
stereotactic body radiotherapy (SBRT) in treating oligometastatic lymph node involvement
in the mediastinum, retroperitoneum, and pelvis in a consecutive group of patients from real-
world clinical practice outside clinical trials.

Stereotactic radiotherapy/radiosurgery is a highly effective, non-invasive ablative
treatment method with significant therapeutic potential in managing oligometastatic disease
from various primary tumors. Due to respiratory and peristaltic movements, as well as the
radiosensitivity of surrounding tissues and organs, targeted high-dose irradiation
of oligometastases in lymph nodes was technically unfeasible for a long time. Following
successful treatment of lesions in the lungs and liver, leading institutions began applying this
approach to lymph node metastases.

Our study confirmed that targeted radiotherapy is a highly effective and low-toxicity
treatment for oligometastatic lymph node involvement. It has curative potential, with 27%
of patients in our study achieving long-term survival without any progression (local, regional,

11



or distant), effectively showing no signs of oncological disease. Additionally, it can delay the
start of cytotoxic chemotherapy, thereby improving and preserving patients’ quality of life.

Within Czech radiation oncology, this is a unique publication — no similar paper from
other Czech radiation oncology departments has been published to date.

Experimental work  Supervision (%) Manuscript (%) Research direction
(%) (%)
70 65 70 70

6. Burkon P, Selingerova I, Slavik M, Holanek M, Vrzal M, Coufal O, Polachova K,
Muller P, Slampa P, Kazda T. Toxicity of external beam accelerated partial-breast
irradiation (APBI) in adjuvant therapy of early-stage breast cancer: prospective
randomized study. Radiat Oncol. 2024 Feb 3;19(1):17. doi: 10.1186/513014-024-02412-x
Document type: Article; IF= 3.3; Quartile by IF: ONCOLOGY Q2, RADIOLOGY,
NUCLEAR MEDICINE & MEDICAL IMAGING Q1; Quartile by AIS: ONCOLOGY
Q2, RADIOLOGY, NUCLEAR MEDICINE & MEDICAL IMAGING Q1.

This publication presents the results of a grant project (AZV: NV19-03-00354, Trial
registration: NCT06007118) evaluating an innovative approach to adjuvant partial breast
irradiation as part of breast-conserving therapy for patients with low-risk breast cancer.
Dr. Burkon was the principal investigator of this prospective randomized trial.

Compared to the commonly used whole breast irradiation regimen, the studied
technique, APBI (Accelerated Partial Breast Irradiation), offers an approach where radiation
is delivered to a smaller target volume in less time, resulting in improved patient convenience,
reduced toxicity, and cost savings. Our technique of external APBI, using the technique
of stereotactic body radiotherapy (SBRT), was found to be very well tolerated, easy to perform,
and safe. This schedule represents an attractive treatment option that is both safe and effective.
In the long term, a short-course, once-daily external beam regimen is likely to become the
preferred method, balancing effectiveness, convenience, and side effects for patients
undergoing adjuvant partial breast radiation.

This publication confirmed the level of evidence necessary for implementing this
technique of external APBI into daily clinical practice. Recent advancements in radiation
oncology demonstrate a rapid transition toward precision medicine strategies. In this context,
our study technique represents a paradigm shift toward effective treatment de-escalation
for selected hormone-sensitive early breast cancer cases. Within Czech radiation oncology, this
is the first publication addressing this issue.

Experimental work  Supervision (%) Manuscript (%) Research direction
(%) (%)
65 60 70 70
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7. Burkon P, Selingerova I, Vrzal M, Holanek M, Coufal O, Polachova K,
Andraskova V, Jhawar SR, Slampa P, Kazda T, Slavik M. Quality of life in early breast
cancer patients after adjuvant accelerated partial-breast irradiation (APBI)
in randomized trial. Sci Rep. 2025 Jan 9;15(1):1387. doi: 10.1038/s41598-025-85342-2.
Document type: Article; IF = 3.8; Quartile by IF: MULTIDISCIPLINARY SCIENCE
Q1; Quartile by AIS: MULTIDISCIPLINARY SCIENCE Q1.

This prospective randomized study compared the quality of life in patients with low-
risk breast cancer after partial mastectomy, who were treated with highly targeted stereotactic
radiotherapy of the tumor bed (external APBI) or moderately hypofractionated whole-breast
irradiation (hypo-WBI). It followed up on a 2023 publication, which evaluated the feasibility,
safety, and toxicity of this new method. In this study, both patient groups were assessed using
quality of life questionnaires (QLQ-C30 and QLQ-BR45), completed before treatment and
at multiple time points up to 24 months after radiotherapy.

The analysis showed that APBI did not result in worse short- or long-term outcomes
compared to hypo-WBI. Patients treated with APBI reported lower levels of pain, systemic
discomfort, and breast-related symptoms, with the most pronounced differences observed
shortly after radiotherapy, when hypo-WBI was associated with higher toxicity and reduced
physical performance.

The results suggest that APBI is a well-tolerated and safe treatment, which could be
a preferred alternative to hypo-WBI for low-risk early-stage breast cancer, primarily due to
its positive impact on patients’ quality of life. In the context of modern individualized oncologic
care, this study highlights the importance of quality of life as a key factor in decision-making
regarding optimal post-lumpectomy treatment.

Experimental work  Supervision (%) Manuscript (%) Research direction
(%) (%)
65 60 70 75
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1. Stereotakticka radioterapie
1.1. Konvenc¢ni radioterapie

Nédorova onemocnéni patii mezi hlavni pfi¢iny imrti na celém svété. Radioterapie
(RT) je jednou z nejcastéji vyuzivanych metod 1€cby téchto onemocnéni jiz nékolik desetileti.
Bé&hem své 1écby s ni piijde do kontaktu ptiblizné 50 % onkologickych pacientt. Hlavnim cilem
ozéateni je dosdhnout dostate¢ného poSkozeni nddorové tkané pii soucasné minimalizaci
nezadoucich u¢inkt v okoli zdravé tkani (1,2). Kvili komorbiditam starnouci populace je méné
invazivni radioterapie preferovana pied invazivni operaci. V tadé ptipadi tak muze byt
radioterapie nejucinnéjsi a nejsetrnéjsi volbou.

Konvenéni rezimy RT vyuZivaji vysoké davky (>40 Gy) ionizujiciho zéafeni k destrukci
nadorovych bunék a tim zmenSeni nadori. Lécba se obvykle podava frakcionované po dobu
nékolika tydni v davkach 1,8-2,0 Gy (Gray) denné pétkrat za tyden. Na molekularni a bunééné
urovni muze ionizujici zafeni zpisobit ptimé poskozeni DNA ve form¢ zlomti DNA vldken
nebo nepiimé poskozeni prosttednictvim tvorby volnych radikal. Bylo prok4zéano, ze G¢inky
zafeni se 1iSi mezi in vitro a in vivo modely odvozenymi z lidskych bunék, pravdépodobné
v disledku biologickych rozdill, jako je mira okysliceni ¢i distribuce bun€k v raznych fazich
bunééného cyklu (3-6).

Ackoli se konvencni radioterapie jiz po n€kolik desetileti povazuje za standardni metodu
1é¢by riiznych naddort, radiorezistence a metastaticky potencial nadorovych bunék zlstavaji
piekazkami, které je nutné ptekonat. Proto se do 1éCby stéle Castéji zavadeéji hypofrakcionované
rezimy, kdy se aplikuji vyssi davky na frakci, zatimco celkovd doba lécby a pocet frakci
se snizuji. Pfi extrémni hypofrakcionaci, kdy davky ptfesahuji 5 Gy na frakci, dochazi nejen
k vyraznéjsi destrukci nadorovych bunék, ale také k modulaci imunitni odpovédi organismu,
coz muze posilit jeho vlastni schopnost nador eliminovat.

Jednim z nejpokrocilejSich pristupi v ramci této strategie je stereotakticka radioterapie.
Ta umoznuje aplikaci vysokych davek zareni (obvykle nad 25 Gy) na presné definované cilové
objemy béhem 1 az 5 frakci, pii¢emz okolni zdrava tkan je maximalné Setiena (7-10). Diky
technologickému pokroku dochazi v radioterapii k vyraznému posunu od konvencniho
frakcionovaného ozatreni smérem k t€émto ptesné cilenym technikam (11). Moderni zobrazovaci
a planovaci systémy umoziuji precizni modulaci a tvarovani paprska tak, aby zasahly cely

objem nadoru s minimalnim dopadem na okolni tkan¢.
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Stereotaktickd radiochirurgie (SRS - stereotactic radiosurgery) a stercotakticka
radioterapie (SRT — stereotactic radiotherapy) se vyuZzivaji zejména pii 1é€bé nitrolebecnich
1ézi, zatimco extrakranialni stereotakticka radioterapie (SBRT — stereotactic body radiotherapy,
SABR - stereotactic ablative radiation therapy) je ur¢ena pro nadory mimo oblast lebky (12).
Obé& metody umoziiuji s maximalni piesnosti cilené ozareni relativné malych objemil vysokymi
davkami na frakcei, coz ptispiva k vyssi t€innosti 1é€by a potencidlné i k lepsi ochrané zdravych

tkani.

1.2. Stereotakticka radioterapie

Koncept mozkové SRS byl poprvé navrzen v 50. letech 20. stoleti Svédskym
neurochirurgem L. Leksellem (13). Pivodné nebylo cilem SRS 1é¢it mozkové nadory, ale rizné
jiné nitrolebecni patologie. Jednim z prvnich klinickych tuspéchi této metody byla v 60. letech
obliterace arteriovendzni malformace (AVM). Bylo prokdzano, Ze jedina aplikace 15-25 Gy
dokaze kompletné uzaviit 8090 % malych AVM, coz naznacuje, Ze nezralé a abnormdlné
vytvofené cévni struktury jsou radiosenzitivni. Usp&$na 1é¢ba AVM pomoci SRS vedla
k vyuziti této revolucni technologie i pro l€¢bu mozkovych nadorti a metastaz (14,15).

Oblast intrakranialni radiochirurgie se vyznamné rozvijela v 50. az 70. letech minulého
stoleti. Termin radiochirurgie zavedl Leksell jako alternativu k neurochirurgickym zakrokim
(16,17). Jednim z kli¢ovych systémi v této oblasti byl Gamma niz (Gamma knife), ktery
vyuziva kovovou helmu s vice otvory, skrze néz se zaieni z 201 zdroji kobaltu-60 zacili
do 1é¢ené oblasti mozku (18,19). Systém prosel vyvojem od ptuvodniho modelu az po moderni
verze s automatickym tvarovanim svazku pomoci vicelamelového kolimatoru.

Stereotaktickd radiochirurgie se vSak neomezila pouze na Gamma nlz. Bylo mozné
ji realizovat i pomoci konvenéniho linearniho urychlovace vybaveného trojrozmérnym
stereotaktickym soufadnicovym systémem (20,21). Tento systém vyuzival kovovy fixa¢ni ram
upevnény k lebce pacienta a fixatni mechanismus pfipojeny k ozafovacimu stolu. Piesnost
1é¢by byla zavisla na soufadnicovém systému vztazeném k ozafovacimu lizku. S ptichodem
CT na ozafovaci pfistroj (cone-beam CT — integrované CT zobrazovani na ozatfovaci) byla
fixace kovovym rdmem postupné nahrazena neinvazivni plastovou maskou a zevni soufadnice
vnitinim cilenim na zaklad€ obrazové informace (22,23).

Pokroky v obrazovém navadéni, planovani 1écby a systémech pro aplikaci zafeni
umoznily pfenést koncept SRS i na 1é¢bu mimolebe¢nich nadori, coz vedlo k vyvoji techniky

oznacované jako SBRT. Tato metoda byla poprvé pouzita v roce 1991 ve Svédské Karolinské
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univerzitni nemocnici, kde ji Blomgren a Lax aplikovali na nadory jater a plic (24-26).
Paralelné se tato technika vyvijela v Japonsku, kde byla v roce 1994 zavedena do klinické praxe
pii 1é¢be plicnich nadori. BEéhem druhé poloviny 90. let se SBRT rozsitila do Evropy, Japonska
a USA (27-29). Své klinické vysledky 1é¢by plicnich nadora publikovali v roce 2001 Wulf
a Herfarth v Némecku, nasledné v roce 2003 Timmerman v USA (30-33).

Prvni vysledky naznacovaly velmi slibnou lokalni kontrolu a nizkou toxicitu u rezimd,
kdy bylo aplikovano 10-15 Gy denn¢ po dobu 3-5 dni. Kviili novym aspektim, které SBRT
prinesla, vsak klinické zkusSenosti zpocatku ptibyvaly pomalu. Teprve v poslednim desetileti
jsou dostupna data z vice center, ktera ptivodni vysledky potvrzuji.

Piechod technologie intrakranidlni radiochirurgie na 1écbu extrakranidlnich nadort
vyzadoval pfekondni dvou hlavnich ptekazek. Na rozdil od mozku se vétSina organti a tkani
v téle v disledku dychani nebo jinych fyziologickych procesti pohybuje. Tento pohyb vyzaduje
pii ozafeni Sir$i bezpecnostni lemy, coz komplikuje aplikaci vysokych davek na samotny nador.
Dalsi potizi byla neznalost tolerance zdravych tkani k vysokym davkam zafeni. Zatimco
konvencni radikalni radioterapie aplikuje denni davky 1.8-2 Gy az do celkovych 60-70 Gy,
podani 48-60 Gy ve 3-5 frakcich bylo neprobadanou oblasti.

Zpocatku byla presnost SBRT zalozena na stereotaktickém ramu, v némz byl pacient
fixovan v plastovém luzku s presné definovanymi 3D soufadnicemi (30,34). Presna
geometrickd kontrola polohy cilového objemu pii kazdé frakci je pro SBRT klicova, nebot
chyba v nastaveni (zacileni) mize vést k selhani 1é€by nebo vaznym vedlejSim ucinkdm.
Zatimco dfive se vyuZzivalo pfedozadni a bo¢né filmové snimkovani, dnes je standardem 3D
zobrazeni pomoci CT pfistroje zabudovaného do platformy ozatovace (cone-beam CT) (35).
S pfichodem CT bylo mozné opustit plivodni zevni zaméfovaci systém a cilit svazky zateni
na zakladé vnitini 3D obrazové informace (36,37). Dnes tedy pouzivame tzv. bezramovou
fixaci pacientt, ktera je zamétena piedev§im na udrzeni stejné polohy pacienta pii kazdé frakci
a zabranéni pohybli v pribéhu samotného ozareni (diiraz na reprodukovatelnost ozafovaci
polohy a fixace k minimalizaci interfrakénich a intrafrakénich pohybi).

Pohyby néadoru a okolnich struktur pii dychani Ize eliminovat n€kolika metodami.
Jednou z moznosti je bfisni komprese, pii niZz se omezuje pohyb branice stlacenim epigastria.
Dalsi metodou je zadrzeni dechu, kdy se ozateni provadi pouze ve specifickych fazich
dechového cyklu, ¢imz se minimalizuje pohyb cilové oblasti. Pfi tzv. gatingu se dech pacienta
pribézné monitoruje a v piipadé, ze se pohyb vychyli mimo stanovené rozmezi, ozéfeni
se automaticky pierusi. Naproti tomu tracking umoznuje pfistroji sledovat pohybujici se cil

V realném Case a dynamicky piizpisobovat smér svazku zatreni (38—40).
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Diky témto moznostem se SBRT technologie rozsifila po celém svété jako bezpecna
aucinna terapie. Klinické studie jasné prokazaly vysokou ucinnost této metody v 1é¢bé
primarnich nadorti 1 metastdz. Vynikajici lokalni kontrola, celkové pieZiti a minimalni vedlejsi
ucinky zatadily SBRT mezi standardni metody lécby lokalizovanych nemalobunéénych
karcinomi plic, nadorti prostaty, oligometastatického postizeni rliznych lokalizaci a dalSich
primarnich nadort (41-48). SBRT nabizi neinvazivni alternativu k chirurgické resekci

¢i radiofrekvencni ablaci (RFA).

1.3. Principy

Ackoli se dnes jiz nevyuziva zacileni pomoci stereotaktickych soufadnic na zevnim
ramu, termin ,,stereotakticka“ je pro tuto terapii stale bézn¢ pouzivan (49). Vnéjsi soufadnice
byly nahrazeny wvnitinimi, ziskanymi prostiednictvim obrazového navadéni. Obrazova
informace bud’ zobrazi nador piimo, nebo ukdze nahradni struktury ¢i specialni markery
zavedené piimo do tumoru Ci jeho okoli. Prestoze tato 1écba jiz v uzsim slova smyslu neni
stereotakticka, tradice nam nedovoluje pouzivat jiné oznaceni.

Pojmy SRS a SBRT tedy oznacuji inovativni, vysoce piesné a neinvazivni techniky
aplikace velmi vysokych davek zafeni pomoci obrazového navadéni v extrémné
hypofrakcionovanych rezimech 1é€by (obvykle do péti frakci). Diky aplikaci vysoce
konformnich davek zafeni s prudkym davkovym gradientem dochazi k minimalizaci ozareni
okolnich rizikovych organti. Tim Ize aplikovanou davku bezpecné navysit, coz vede k lepsi
kontrole onemocnéni a del§imu pteziti pacientd.

Podle renomovanych publikaci by méla stereotaktické radioterapie splinovat tyto
zakladni charakteristiky (50-53):

[1 SBRT Ize provadét na tradi¢nich linedrnich urychlovacich vybavenych odpovidajici
technologii pro obrazové navadéni i na specialné¢ upravenych zafizenich. Principy SBRT
se uplatiuji u fotonové i1 casticové terapie.

[1 Davky zafeni jsou minimalné ekvivalentni radikalnim davkam v konvenc¢ni
radioterapii, ve v¢tSiné piipadu je jejich biologicky ekvivalent vyrazné vyssi.

[1 Zateni je aplikovano ve velmi malém poctu frakei (nejvyse v deseti), davka na frakci
a celkova davka se ptizplisobuje objemu a lokalizaci cile.

[1 Cilova struktura je piesné lokalizovana pomoci specifickych zobrazovacich metod

pro danou lokalitu. Zaroven musi byt prostorové oddélena od kritickych struktur v okoli a nesmi
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do nich difuzné infiltrativné zasahovat. Ozafuji se pouze makroskopické cile a pfilehlé oblasti
potencialni mikroskopické infiltrace.

[1 Kli¢ova je systematickd optimalizace celého pracovniho postupu SBRT a piisna
kontrola kvality 1é¢by.

(1 Z klinického hlediska zahrnuje ,,pfesnost® SBRT spravny staging onemocnéni,
multidisciplinarni diskuzi o indikaci, obrazové vySetfeni pfizpusobené lokalit¢ nadoru
s odpovidajicim prostorovym a Casovym rozliSenim nadorového loziska a rizikovych tkani
Vv jeho okoli, konformni planovani 1é¢by, obrazové fizené nastaveni pacienta na ozafovacim
stole, rychlou aplikaci davky, aktivni nebo pasivni fizeni vSech pohybti béhem vlastniho ozafeni
a zajisténi nasledné péce a sledovani pacienta.

[ Z fyzikélniho hlediska vyzaduje SBRT oproti konvenéni radioterapii pokrocilejsi
a propracovangj$i postupy kontroly kvality, véetné systematickych testti monitorovani davky,

presnosti ozafovace a zobrazovaciho systému kazdy pracovni den.

1.4. Radiobiologie

Rada klinickych studii jednoznaéné prokazala, ze SRS a SBRT jsou vysoce i¢inné
pii kontrole riznych typt nadort. Radiobiologické mechanismy jejich ucinku vsak dosud
nebyly zcela objasnény. Konvenéni frakcionovana radioterapie s davkami 1,8—2,0 Gy na frakci
vyuziva ke svému ucinku vys$i radiosenzitivitu aktivné se dé€licich nadorovych bunék
ve srovnani se zdravymi tkanémi (54).

Je znamo, Ze hlavnim mechanismem, kterym tato metoda ni¢i nddorové bunky, je vznik
dvouvlédknovych zlomi DNA nasledovany zlomy chromozomi. Né&ktefi autofi se domnivaji,
ze zlomy DNA jsou rovnéz kliCovym mechanismem bunécné smrti pii SBRT a ze pro
vysvétleni jeji vysoké ucinnosti neni nutné predpokladat novy radiobiologicky mechanismus
(16,17,55). Tento nazor vSak narazi na rostouci mnozstvi diikazi, ze reakce nadori na SBRT
zahrnuje vice nez jen pifimé usmrceni bunek v disledku poskozeni DNA (12,56-62).

Klony nadorovych bunéck se nachazeji v komplexnim mikroprostredi tvofeném rtiznymi
bunéénymi typy, jako jsou endotelidlni bunky cév, pericyty, fibroblasty a lymfocyty, spolu
se slozkami extracelularni matrix. Vzhledem k 0zké interakci nddorovych bunék s okolnim
prostiedim a skutecnosti, Ze jejich pieziti a proliferace jsou timto prostfedim zdsadné€ ovlivnény,
je pravdépodobné, Zze destrukce mikroprostiedi vysokodavkovanym ozéafenim vyrazné

ovliviiyje osud ozafenych nadorovych bunék (12).
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Nezralé nadorové krevni cévy, podobné jako Spatné vytvorené cévy AVM, jsou
nachylné k destrukci ionizujicim zafenim. V poslednich desetiletich bylo zjisténo, Ze vysoké
davky zafeni na frakci zpusobuji zavazné poSkozeni nddorovych cév, coz vede k omezeni
pfisunu zivin, véetné kysliku, a tim ke zhorSeni podminek v nadorovém mikroprostiedi (56,63—
71). Takové zmény jsou pro preziti nadorovych bun¢k neptiznivé a vedou k sekundarni,
nepfimé bunééné smrti (59,61,62). Uginnost SBRT tedy nespoéiva pouze v ptimém poskozeni
DNA nadorovych buné¢k, ale také v neptimé bunécné smrti vyvolané vaznym a dlouhodobym
poskozenim cév.

DalSim vyznamnym aspektem SBRT je schopnost vysokodavkového ozéfeni nadort
posilit protinddorovou imunitu, coz muze vést k nepiimé buné¢né smrti a inhibici recidivy
¢i rustu metastaz (12,72,73). Bylo navrzeno nékolik mechanismi, které tento efekt vysvétluji,
véetné masivniho uvolnovani nadorovych antigent z odumirajicich bunék a zvysené exprese
riznych imunostimula¢nich molekul a cytokind. V klinické praxi se setkdvame s abskopalnim
efektem, kdy ozafeni jedné metastdzy vyvold regresi dalSich lozisek, a to i ve znacné

vzdalenosti od mista ozateni (74).

1.5. Indikace

Stereotakticka radioterapie je indikovana pro 1é¢bu primarnich malignich nadora plic,
jater, ledvin, nadledvin, slinivky bfis$ni, kosti a prostaty, stejn¢ jako primarnich malignich
a benignich nadort patete a michy (75,76). Zakladni podminkou lécby je dobry celkovy
zdravotni stav pacienta (zejména vykonnostni status), ktery umoziiuje provést agresivni,
kurativni [é€bu primarniho nemetastatického nadoru.

Stereotaxe je indikovana také k 1écbé sekundarnich (metastatickych) nadord,
recidivujicich nadorti nebo jakéhokoli nddoru vzniklého v ozafeném terénu Ci jeho blizkosti,
pokud je splnéno alespoii jedno z nasledujicich kritérii:

. Celkovy zdravotni stav pacienta (vykonnostni status) umoziuje agresivni lokalni
terapii jednoho ¢i vice loZisek metastatického onemocnéni s cilem bud’ dosahnout tplné
eradikace onemocnéni v ramci oligometastatického stavu, nebo snizit celkovou nadorovou
zaté€z pacienta s jasné definovanym klinickym pfinosem.

. Recidivujici onemocnéni vyzadujici paliativni 1é€bu nebo jakykoli naddor nelze
efektivné ¢i bezpecné 1é¢it jinymi metodami radioterapie kvili blizkosti dfive ozafenych
oblasti, pfi¢emz je zapotfebi vysokd uroven pfesnosti a preciznosti, aby se minimalizovalo

riziko poSkozeni okolnich zdravych tkani.
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Pro pacienty je dulezité¢, ze se jednd o velmi dobfe tolerovanou, neinvazivni,

kratkodobou 1é¢bu, ktera nevyzaduje hospitalizaci ani zadnou sloZitou specialni piipravu.

Tabulka ¢. 1: Prehled zékladnich SBRT indikaci a jejich kédy dle ICD-10 (podle ASTRO

Policies):
PRIMARNI NADORY
. Rakovina plic: C34.0-C34.92
. Rakovina prostaty: C61
. Rakovina slinivky bfiSni: C25.0-C25.9
. Rakovina ledvin: C64.1 - C65.9
. Rakovina jater nebo Zlucovych cest: C22.0-C22.9
. Rakovina nadledvin: C74.0-C74.92
. Benigni nador michy: D33.4
. Primarni rakovina patere: C41.2
. Benigni nador patere: D16.6
. Nadory kosti: C40.0-C41.9
METASTATICKE NADORY
. Metastazy v plicich: C78.0-C78.02
. Metastazy v jatrech: C78.7
. Metastazy v ledvinach: C79.0-C79.02
. Metastazy v nadledvinach: C79.7-C79.72
o Metastazy v kostech: C79.51, C79.52
. Metastazy v hrudnich lymfatickych uzlinach: C77.1
. Metastazy v briSnich lymfatickych uzlinach: C77.2
. Metastazy v panevnich lymfatickych uzlinach: C77.5
o Metastazy v miSe: C72.0,C72.1
. Metastazy v miSnich plenach: C70.1

RECIDIVUJICI NADORY PO PREDCHOZI RADIOTERAPII

. Rakovina dutiny briSni a panve: C76.2,C76.3

. Gynekologické nadory: C51.0-C57.9

. Rakovina konec¢niku a anu: C19-C21.8

. Néadory hlavy a krku: C00.0 - C10.8, C11.0-C14.38,
C30.0-C32.9, C76.0

. Metastazy v lymfatickych uzlinach: C77.0-C77.9

. Predchozi radioterapie (jakakoli lokalizace):  Z92.3
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Publikace cislo 1

Burkori P, Slavik M, Kazda T, Pospisil P, Prochazka T, Vrzal M, Slampa P.
Extrakranialni stereotakticka radioterapie — prehled soucasnych indikaci. / Stereotactic
body radiotherapy - Current indications.

Klin Onkol. 2019; 32(1):10-24. doi: 10.14735/amko0201910.

Document type: Review; Category: ONCOLOGY; SJR: Q4.

Piehledovy &lanek v oficialnim &asopise Ceské a Slovenské onkologické spoleénosti —
v ¢asopise Klinicka onkologie — poskytuje zakladni prehled indikaci stereotaktické radioterapie
(SBRT), pouzivanych davek a moznych nezddoucich G¢inkl. Diky pokrokiim v obrazové
navigaci, pldnovani a aplikaci davky se SBRT stala standardni soucasti [é€by priméarnich nadora
I oligometastaz, zejména tam, kde neni mozna resekce. U plicnich a prostatickych nadord ma
kurativni potencial, zatimco v 1é¢bé oligometastaz mize prodlouzit preziti a oddalit nutnost
systémové terapie, ¢imzZ zvysuje kvalitu Zivota pacientt. Zabyva se také dalsimi indikacemi,
jako jsou karcinomy slinivky bfiSni a hepatoceluldrni karcinom. Publikace ziskala cenu

za nejlepsi ¢lanek uvetejnény v Klinické onkologii v roce 2019.
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2. Priprava a provedeni

2.1. Fixace a imobilizace pacienta

Stereotaktické ozaieni se vyznacuje velmi vysokymi davkami na frakci a strmymi
davkovymi gradienty v té€sné blizkosti cilového objemu. VétSina SBRT procedur trva méné nez
30 minut, nicmén¢ jiz po 15 minutach (a v nékterych ptipadech i diive) se pacient mize
posunout ze své puvodni polohy (77,78). Tento pohyb mize vést k nedostate¢nému ozaieni
nadoru a naopak k nadmérnému zatizeni zdravych tkani. Aby se minimalizoval pohyb pacienta
béhem ozafeni, je nezbytna jeho pevna fixace.

Pohodlnou, pfesnou, stabilni, dozimetricky vyhodnou a reprodukovatelnou polohu Ize
zajistit pomoci pevné tvarovatelnych vakuovych matraci a fady stacionarnich fixacnich prvki
ruznych vyrobcl. Imobilizaéni pomiicky by mély co nejméné ovliviiovat vypocet davky
a samotnou aplikaci zafeni. Idedln¢ by mély byt pIné kompatibilni se zobrazovacimi metodami,
aby bylo mozné pacienta snimkovat piimo v 1é¢ebné poloze. Pro optimalni stabilitu polohy
pacienta se doporucuje pouzivat imobiliza¢ni pomucky, které lze indexovat k ozafovacimu
stolu.

Konkrétni doporuceni dle ozafované oblasti:

Horni hrudnik (nad T4): fixace hlavy a ramen individualné tvarovanou termoplastickou
maskou, opora zad, indexovatelna podpora kolen, paze podél téla.
Dolni hrudnik (od TS5 nize): podpora hrudniku a rukou za hlavou ,,wingboard®, podpora kolen

a chodidel, voliteln€ vakuové lazko.

Bfi$ni oblast: individualné prizptisobené vakuové luzko, podpora kolen a chodidel, paze

mimo ozafovaci pole.

2.2. Planovaci CT vySetfeni

Planovéni ozateni se dnes primarné€ opird o CT snimky, ptipadné o jejich fuzi s dal$imi
3D vySetfovacimi metodami (MR, PET atd.). Tato fize zajist'uje nejen piesné urceni cilového
objemu, ale také optimalni naplanovani ozafovaci techniky. Skenujeme jeden az tiimilimetrové
fezy, ptfi¢emZ vysetfovand oblast musi zahrnovat minimalné cilové loZisko a celé objemy
rizikovych tkani a organt v okoli (79,80). Pfi planovani v oblasti mediastina, bficha ¢i panve
se k pfesngjsi lokalizaci nadoru a odliSeni cévnich struktur, stiev a uzlin vyuziva peroralni
a intravenozni kontrast. V oblasti panve je také dulezitd spradvnd néplih mocového méchyie

a pripadn¢ konec¢niku.
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Pokud nelze cilovou oblast béhem samotné 1écby spolehlivé definovat/ lokalizovat,
mélo by se zvazit zavedeni RTG kontrastnich klipt (fiducialnich marker) do loziska.
Nevyhodou tohoto postupu je jeho invazivita, nutnost radiologického zavedeni, riziko migrace
markerQ a potencialni prodlouzeni doby 1€¢by kviili jejich sledovani. Standardné se doporucuje
vyckat 7-10 dnt po jejich zavedeni, aby doslo k odeznéni pfipadného edému pied planovacim
CT vySetienim.

Planovani 1éCby, které nezohledituje pohyb nadoru pti dychdni, mize vést k vysSimu
riziku jeho nedostate¢ného ozafeni. Na druhou stranu nadhodnoceni respira¢niho pohybu vede
k vétsimu cilovému objemu, coz zvySuje davku zatreni pro okolni zdravé tkan¢ a miize zpiisobit
nezadouci ucinky. Nékolik studii prokazalo souvislost mezi objemem ozafené oblasti a mirou
toxicity pro normalni tkané¢ (81-83). Proto se pro lokalizace ovlivnéné dychanim, jako jsou
plice, jatra, nadledviny ¢i mediastinalni uzliny, dirazné doporuc¢uje pouziti 4DCT (38). Béhem
tohoto vysetieni jsou CT data snimana pomaleji v prubéhu nékolika dechovych cykli, coz
umoziiuje rekonstruovat obraz pro jednotlivé dechové faze a ptresné urcit odchylky v poloze

nadoru béhem dychani (84-86).

2.3. Management pohybil nadoru pii ozareni

Jednim z hlavnich problémi pfi urCovani cilového objemu pohybujicich se nadori
je jejich posun zptisobeny dychanim ¢i jinymi fyziologickymi pohyby v pribéhu vlastniho
ozateni (intrafrak¢n¢). Americka asociace 1ékarskych fyzikii (AAPM) uvadi, ze rozsah pohybu
nadori v oblasti hrudniku a bficha pfi dychani se vyrazné 1isi (87). U nadort dolniho laloku
plic je pohyb nejvyraznéjsi v kraniokaudalnim sméru, zatimco nadory umisténé v piedni ¢asti
hrudniku se pohybuji po elipse (88). Primérny rozsah pohybu nadorG dolnich laloki plic
je vyznamné vétsi nez u lozisek ve stfednim nebo hornim laloku ¢i v mediastinu (89).
Pankreatické naddory se béhem dychani posouvaji smérem dolt o vice nez 10 mm a geometrické
zmény jsou vyraznéjsi v oblasti kaudy nez v téle nebo hlavé pankreatu (90).

Pohyby nadoru a okolnich struktur pii dychani Ize omezit n¢kolika metodami (39,40).
Jednou z moZnosti je bfiSni komprese, pfi niZ se omezuje pohyb branice stlacenim epigastria
nebo pouzitim kompresniho pasu (91,92). Tato metoda snizuje pohyb jater a ponechava pouze
malé vykyvy (Casto <5 mm), které jsou mezi frakcemi dobte reprodukovatelné. Dalsi moznosti
je zadrzeni dechu béhem ozareni. Nevyhodou této metody, kterd vyzaduje opakované zadrzeni

dechu na 20-25 sekund, je pro asi tietinu pacientt jeji obtizna proveditelnost (93). Nicméné jeji
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kombinace s obrazovym navadénim mize zadrZzeni dechu usnadnit a zajistit lepsi
reprodukovatelnost (94,95).

Pokrodilejsi pristupy zahrnuji gating a tracking. Gating umozinuje pacientovi volné
dychat a synchronizuje aplikaci radioterapie s fazi dechového cyklu, kdy se naddor nachazi
Vv ozafovacim poli. Nejcastéji se voli faze kolem konce vydechu, protoze se predpoklada,
ze Vv této fazi nador travi nejvice ¢asu bez pohybu (93). Tracking naopak umoznuje pfistroji
sledovat pohybujici se cil v redlném cCase a dynamicky piizpisobovat smér a intenzitu zafeni.
Tento vysoce sofistikovany systém (napi. CyberKnife, Accuray Inc.) v§ak vyzaduje zavedeni
specialnich markerti do nadoru, které pfistroj nasledné sleduje. Dalsi nevyhodou je vyrazné

del$i doba samotného ozareni.

2.4. Konturovani a ur€eni cilového objemu

Po ptenosu dat do planovaciho systému jsou vSechny sady skenli fuzovany, vytvoii
se obrys pacienta, vakuové dlahy a vSech pouzitych pomicek. Definovani cilového objemu

(PTV) a rizikovych struktur v okoli (OAR) je vicestupiiovy proces:

Urceni objemu nadoru (GTV)

Radia¢ni onkolog nejprve analyzuje jednotlivé snimky z planovaciho CT, jeho fuze
SMR nebo PET a na kazdém fezu vyznaci vlastni nddor pomoci specianiho software
pro planovani radioterapie. Souhrn téchto kontur definuje nadorovy objem (GTV — Gross
Tumor Volume). Pokud je k dispozici vice obrazovych sad (4DCT), mize 1ékai vymezit
samostatné GTV na kazdé z nich, aby zohlednil pohyb orgdnti a zmény tvaru nadoru Vv ¢ase
(38). Vyhodou metody zadrzeni dechu (breath-hold) je wvyuziti fyziologické fixace
k minimalizaci pohybu a zatiZzeni okolnich zdravych tkani (96-98). Tato metoda vSak vyzaduje
spolupraci pacienta a Gsili personalu pii jednotném zaskoleni vSech pacienttl. V piipadé ozaieni

Vv jedné dechové fazi, nejcastéji nadechu, se GTV zakresluje pouze v této fazi.

Rozsiteni cilového objemu (ITV)

V praxi je vzdy nutné pocitat s ur¢itou mirou pohybu loZiska pti dychani a s rozdilem
mezi polohou tumoru pii planovani a pfi samotném ozaieni. ICRU definuje 1TV (Internal
Target Volume) jako strukturu zahrnujici fyziologicky pohyb a variabilitu objemu v prib&hu

1é¢by (99,100). GTV z jednotlivych dechovych sad se fuzuji a vytvaii se piislusné ITV.
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Vytvoteni planovaciho cilového objemu (PTV)

Aby se zohlednily denni odchylky v nastaveni pacienta a pfirozené pohyby organti,
piidava se k ITV jesté dalsi bezpecnostni okraj. Tento findlni objem, do kterého je planovano
ozareni, se nazyva planovaci cilovy objem (PTV — Planning Target Volume). Diky velmi piesné
definici koncovych poloh dechového cyklu pii pouziti 4DCT je mozné pracovat s mensimi
bezpecnostnimi lemy. Standardné se k vytvofeni PTV pfidava 3 aZ 5 mm ve vSech smérech,

tiimilimetrovy lem se pouziva jen u velmi dobfe lokalizovatelnych loZisek.

Ochrana zdravych organti (OARs)

Kromé cilového objemu jsou také konturovany okolni zdravé struktury, které¢ by mohly
byt pii ozateni poskozeny. Tyto rizikové organy (OARS — Organs at Risk) musi byt definovany
velmi peclivé, aby bylo mozné minimalizovat jejich expozici a snizit riziko nezadoucich
ucinkd. Ke konturaci, zakresleni jednotlivych objemti do CT fezt, je vhodné pouzivat

mezinarodn¢ uznavané delineac¢ni atlasy (101).

2.5. Frakcionace a davka zareni

Radia¢ni onkolog stanovi davku zafeni potfebnou k ozateni ptipraveného PTV. Pfitom
musi zohlednit nejen velikost jednotlivé davky, ale také jeji casové rozlozeni a celkovou dobu
1é¢by (frakcionaci). Tyto faktory jsou klicové z hlediska radiobiologie a musi byt
predepisovany v souladu s klinicky zavedenymi standardy. Hlavnim principem SBRT je podéani
ablativni davky zafeni, ktera vede k nekréze ozarené¢ho loZiska. Studie ukazuji, ze davka
s biologickym ekvivalentem (BED) 100 Gy a vyssi je vyrazné G¢inngjsi nez nizsi davky (102).
Na druhou stranu je nutné chrénit rizikové struktury v okoli naddorového loziska. Hlavnim
principem jejich ochrany je pfesna aplikace davky, pfi niz se nebezpecné davky do zdravych
struktur nedostanou. Nicméné, jsou-li radiosenzitivni struktury v tésné blizkosti GTV, je nutné
jim ptedpis davky ptizptisobit. Davkové limity pro zdravé tkané se pii SBRT vyrazné lisi
od téch pouzivanych v konvenéni radioterapii kvili extrémnim davkam a specifickému
frakciona¢nimu rezimu. Tolerance kritickych organti pro SBRT jsou pribézné€ aktualizovany

Vv recenzované odborné literatuie (103).

2.6. Technika ozafeni, predpis davky

Planovani 1écby (pfiprava ozatfovaciho planu pro konkrétniho pacienta) vychazi

pti SBRT ze stejnych principi a postupt jako pii konvenéni radioterapii. Zahrnuje tedy uréeni
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velikosti ozatfovaciho pole, thli hlavice ozafovace (gantry) a dal$ich charakteristik svazku
s cilem dosédhnout pozadované distribuce davky v cilovém objemu. Nicméné pii SBRT jsou
plany ptesnéjsi a vice ptizplisobené cilovému objemu nez pii konvenénim ozafovani.

V poslednich letech se planovani 1écby provadi nejcastéji pomoci objemovée
modulované radioterapie kKyvem (VMAT — Volumetric Arc Therapy). Jejim principem je uplna
nebo Castecna rotace gantry linedrniho urychlovace kolem cilového objemu (pacienta), béhem
niz se nepfetrzit€¢ meéni tvar svazku zafeni tak, aby v kazdé poloze hlavice odpovidal tvaru
cilového objemu zpohledu ozafovace. Zmény tvaru svazku zéafeni jsou zajiStény
mnoholistovym kolimatorem (MLC — Multi Leaf Collimator) v hlavici urychlovade —
systémem lamel, které svym pohybem stini nebo naopak uvolni svazek zafeni a tim dynamicky
méni jeho tvar. Typicky 1é¢ebny plan se sklada ze tii dil¢ich VMAT kyvi. V jednotlivych
castech svazku se miize také pribézné ménit jeho intenzita. VMAT si ziskava oblibu také diky
krat$i dob¢ aplikace a lepsi konformité (104). Touto modulaci svazkl se optimalizuje davkova
distribuce tak, aby pfedepsand davka byla ptesné doddna do PTV a zdroven byla splnéna
omezeni davek pro zdravé tkané. K vyhodnoceni davky v PTV a jednotlivych OAR slouzi
davkové-objemové histogramy (DVH — Dose Volume Histogram).

Pii SBRT je okraj MLC zarovnan s polostinem svazku nebo je vyrazné¢ mensi, coz
zpusobi rychly spad davky do okoli. Navic neni distribuce davky uvnitf cilového objemu
homogenni a maximalni davka v nddoru miize pfesdhnout 125 % ptredepsané davky. Konvenc¢ni
ozatovani se snazi dosdhnout rovnomérného pokryti cilového objemu, u SBRT neni
nehomogenita na prekazku. Naopak, umoznuje aplikovat vyrazné vys$si davku ptimo do nadoru,
zatimco prudky spad davky chrani okoli. Ani 150% predepsané davky v nadoru neni vyjimkou.
Spéad davky zateni do okoli cilového objemu lze posoudit napt. podle poméru objemu izodézy,
na kterou je predepisovana davka, a objemu PTV, nebo podle poméru objemu 50% izodozy

a objemu PTV a podle maximalni davky ve vzdalenosti 2 cm od PTV ve vSech smérech (105).

2.7. Aplikace zatfeni, IGRT

Obrazové navadéni (IGRT — Image Guided Radiotherapy) umoziuje piesné zacileni
zateni, ¢cimz zlepSuje ucinnost radioterapie a zadrovel minimalizuje vedlejsi ucinky na zdravé
tkané. Obecné se jednd o metodu sledovani polohy pacienta béhem lécby na zaklade
dvourozmérnych (2D) snimkit ve dvou ¢i vice smérech, trojrozmérnych (3D) objemovych
obrazli nebo 3D skenu povrchu téla. Cilem je co nejpiesnéji obnovit polohu pacienta viici

svazku zafeni tak, jak byla stanovena v ozafovacim planu.
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Pted prvnim ozafenim provadi radiologicky fyzik nezavisly piepocet ozatfovaciho
planu, aby ovéfil spravnost planovanych monitorovacich jednotek. Spoleéné s radiacnim
onkologem kontroluji vSechny klicové parametry 1écby, vcetné obrazového navadéni,
kompenzace dychacich pohybii ¢i pouziti polohovacich pomiicek, které zajist'uji maximalni
pfesnost ozafovani pacienta. Pravé piima ucast lékare, obrazové navadéni a imobilizace
pti kazdé frakci jsou zasadni soucasti stereotaktické 1é¢by (51). Protoze kvalita obrazu CBCT
je horsi nez u CT systémt pouzivanych v diagnostice, mize byt nékdy obtizné presné urcit
obrys cilové oblasti. Proto se také vyuziva zacileni pomoci referen¢nich znacek (fiducialnich
markert).

Na linedrnich urychlovacich se denni korekce polohy pacienta pted vlastnim ozafenim
provadi pfimo na ozafovacim stole pomoci integrované¢ho obrazového systému (CBCT — Cone
Beam Computed Tomography, CT pfistroj S konickym svazkem zafeni) kombinovaného
s robotickym ozafovacim stolem pohyblivym v Sesti rovinach (napt. Perfect Pitch Table
fy Varian, atd.) (106,107). Rychlost aplikace davky pak zajisti VMAT technika a svazky zateni
bez homogenizacnich filtra (FFF - Flattening Filter Free beams) s vysokym davkovym
ptikonem (108,109).

Krom¢ korekce polohy pacienta hraje IGRT zasadni roli pfi identifikaci cilovych
struktur a sledovani jejich zmén béhem lécby. V posledni dobé se stale vice uplatituje také
v adaptivni radioterapii (ART), ktera umoziuje uUpravu ozafovaciho planu na zaklade
aktualniho stavu tkani a organt v cilové oblasti (110-113). Diky technologickému pokroku
se ART stala dostupnéjsi, coz umoziuje nejen offline Gpravu ozatrovaciho planu ,,na druhy
den®, ale také jeho kazdodenni online korekci pfed ozafenim podle aktualnich zmén ve tvaru

a velikosti cilovych struktur.
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Publikace ¢islo 2

Burkorni P. Extrakraniilni stereotakticka radioterapie. / Stereotactic body radiotherapy.
In: Slampa P a kol. Radia¢ni onkologie, pro postgradualni p¥ipravu i kaZdodenni praxi.
Maxdorf. Praha 2021, s. 597-615 (celkem 772 stran).

ISBN 978-80-7345-674-0

Document type: Chapter in a scholarly book publication

Kniha Radiaéni onkologie, editovana prof. MUDr. Pavlem Slampou, CSc., poskytuje piehled
aktualnich poznatkii a doporuenych postupii v oboru radiacni onkologie. Zamcéiuje
se na terapeutick¢ vyuziti ionizujiciho zéafeni pii 1é¢beé malignich onemocnéni, které
V poslednich letech proslo vyraznym technologickym i klinickym pokrokem, jenz zdsadné
ovlivnil 1é¢ebné strategie v onkologii. Kniha slouzi jako prakticky priitvodce pro kazdodenni
klinickou praxi i jako studijni material ke specializacnim zkouSkam. Dr. Burkon je hlavnim
autorem kapitoly o stereotaktické radioterapii, ktera se detailné vénuje praktickym aspektim
této metody. Piehledné popisuje jeji zdkladni indikace, odkazuje na relevantni literarni zdroje
a rozebird technické aspekty planovani lécby, aplikace zareni, mozné nezddouci Uc€inky
i nasledné sledovani pacientti. Kapitola tak slouzi jako klicovy navod pro spravné provedeni

stereotaktické 1é€by v nasi onkologické praxi.
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3. Primarni nadory plic

Rakovina plic je nejcastéjsim malignim onemocnénim na svéte, pficemz kazdoro¢né
je diagnostikovano vice nez 1 milion pfipadd (114). Nejcastéjsim histologickym typem je
nemalobunéény karcinom plic (NSCLC) (115). Ptiblizn¢ 10-20 % pacienti je diagnostikovano
v ¢asném stadiu onemocnéni (T1-2 NO) (116). U pacientd v dobrém celkovém stavu se Casné
stadium NSCLC 1é¢i chirurgickou resekci, kterd ve vétSiné piipadt zahrnuje lobektomii
a disekci lymfatickych uzlin (117). Mnoho z nich je vSak povazovano za neoperabilni kviili
pfidruzenym kardiovaskularnim, respiracnim ¢i jinym komorbiditdm, které znemozZiuji
standardni chirurgicky zakrok (117). Pouhé sledovani téchto pacienti bez 1é¢by vede
k nepfijatelnym vysledkiim (118). K alternativam patii omezena chirurgicka resekce, naptiklad
klinovita resekce, nebo konven¢ni frakcionovana radioterapie podavana po dobu 6—7 tydn
(119,120). Vysledky téchto metod jsou ale obecné horsi nez u anatomické resekce (117).

Blomgren et al. jako prvni v roce 1995 popsali pouziti SBRT pro extrakranialni nadory,
véetné téch plicnich (25). Béhem nasledujicich 25 let se SBRT vyrazné rozvinula a stala
se standardni lécebnou metodou pro pacienty s ¢asnym stadiem rakoviny plic, ktefi nejsou
vhodni k operaci. Diky své ucinnosti se etablovala jako ,,standard péce™ pro tuto skupinu
pacientd. V roce 2019 vysledky studie faze IIl TROG 09.02 ,,CHISEL*, ktera srovnavala SBRT
s konvenéni frakcionovanou radioterapii, jednoznacné prokazaly, Ze SBRT poskytuje lepsi
celkové preziti i lokalni kontrolu onemocnéni nez konvenéni radioterapie (121).

Publikované vysledky plicni SBRT za posledni desetileti konzistentné potvrzuji jeji
vynikajici lokalni kontrolu (LC) u pacientli s neoperabilnim ¢asnym stddiem rakoviny plic,
pii¢emz téméf vSechny studie uvadéji miru kontroly v rozmezi 85-95 % (122-126). Mira
lokalni kontroly po plicni SBRT je srovnatelna s vysledky prospektivnich chirurgickych studii,
které uvadéji miru lokoregionalniho selhani mezi 5—7 % po lobektomii a 8—17 % po sublobarni
resekci (127,128). Metaanalyza 40 studii SBRT s 4850 pacienty a 23 chirurgickych studii
se 7071 pacienty naznaCuje podobnou miru lokalni kontroly (129). Identifikace lokalniho
muze byt chybné interpretovana jako recidiva, zatimco kratSi doba sledovani mize nckteré
recidivy piehlédnout (130,131). V nejednoznacnych piipadech mtize pomoci PET vysetieni,
i kdyZ n€kdy je nutna biopsie (132). Dal$im problémem je rozdilna definice lokalni kontroly —
chirurgické studie Casto zahrnuji 1 lokoregionalni kontrolu v uzlindch. Pfi SBRT se lokalni
kontrola sleduje do 1 cm od pivodniho loziska, coz by pii pouziti chirurgické definice vedlo

k mirnému poklesu lokalni kontroly ve studiich SBRT.
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Tabulka ¢. 2: Vybrané studie stereotaktické radioterapie pii 1écbé NSCLC (121,122,133-143)

Studie, rok Pacienti Dévka zareni Efekt Toxicita
Timmerman
2010 55 60Gy ve 3 fr. 3 leta kontrola ... 97% 12,7% G3
(RTOG 0236)
7% > G2
. 482 2 leta LC/OS ... 94% / 60% —
(87 % neoper.) y : vs. 85% pti BED < 105Gy "ieber
Palma C0
2012 NSCLC st. | 60Gy v 3-5 fr. 3 leta LC/OS ... 89% / 47% 3% G3
(CHOPN)
Chang 130 , o o0 12% G2-3
2012 NSCLC st. | 50Gy ve 4 fr. 2 leta LC/OS ... 98% / 78% pneumonitis
108 Periferni:
Taremi NSCLC st. | 48Gy ve 4 fr. 4 leta LC/OS ... 92% /30%
o 54-60Gy ve 3 fr. 4 leta doba do vzdalené 11% G3
2012 (neoper., 24 % 1. o 0
bez histologie) Centralni: diseminace ... 83%
50-60Gy v 8-10 fr.
. 3 leta LC/OS ... 85%/72%
Ozr(')'lsg' N sc2|2_2c63t | fnz;;gfé]‘i’g’llég 3 leté OS 75% pfi BED > 100Gy~ 2,9% > G3
' y vs. 63% pfi BED < 100Gy
180 3 leta LC/OS ... 83% / 69%,
Shibamoto NSCLC st. | jggy\\,ls j]frr fé_zim OS 74% oper. vs. 59% neoper. 13% > G2
2013 (120 neoper. 52g ve 4fr > 3em LC 86% < 3cm vs. 73% > 3cm pneumonitis
60 oper.) yvestr. 5 leta LC/OS ... 82% / 68%
107
Modh (83 primum, , 0 0 o
2013 10 recidiva, 45-50Gy v 4-5 fr. 2 leta LC/OS ... 72% / 56% 12% > G3
14 meta)
Griffieon 62 g . . o
2013 NSCLC 54-60Gy v 3-8 fr. 2 leta LC/OS ... 84% / 56% 4,8% G3
3 leta OS
Brooks 772 50Gy ve 4 fr. 58% (> 75 let) / 68% (< 75 let) 0% G4
2017 T1-3NSCLC 70Gy v 10 fr. 5 leta OS 0
40% (> 75 let) / 52% (< 75 let)
1leta LC
Singh 94 34Gy v 1 fr. 97% (1 fr.)/ 93% (4 fr.) 7,9%/15,8%
2017 NSCLC st. | 48Gy ve 4 fr. 2 leta OS G3
61% (1 fr.)/ 78% (4 fr.)
Timmerman 26 2letaLC/OS/PFS 0
2018 NSCLC S4Gy ve 3r. 81% / 84% / 65% 21,3% G3
101 2-leta LC
Ball 48-54Gy ve 3-4 fr. y 7x G3
SBRT vs. 86% vs. 69% ve prospéch SBRT
2019 oo 50-66Gy v 25-33 fr. (0=0.0077) 1x G4

Zkratky: NSCLC = nemalobunéény plicni karcinom, RTOG = Radiation Therapy Oncology Group, Gy = Gray,
st. = stadium, G = grade/stupén, fr. = frakce, CHOPN = chronicka obstrukéni plicni nemoc, BED = biologicky
ekvivalent davky, LC = lokalni kontrola, OS = celkové pieziti, vs. = versus, neoper. = neoperabilni, oper. =
operabilni, meta = metastaza, PFS = progression free survival, SBRT = stereotakticka radioterapie, CRT =
konvenéni radioterapie.
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Prilomova prospektivni studie RTOG 0236 hodnotila SBRT s davkou 60 Gy ve
3 frakcich (odpovidajici 54 Gy ve 3 frakcich pii korekci heterogenity) u periferniho stadia I
NSCLC a prokézala ttiletou lokalni kontrolu 97,6 %, lobarni kontrolu 90,6 % a lokoregionalni
kontrolu 87,2 % (122). Vzdalena diseminace byla zaznamenana u 22,1 % pacientu.

Mnozstvi regiondlnich recidiv v uzlinach se po 1écbé SBRT pohybuje v rozmezi
6—22 %, coz je piekvapivé méné, nez by se ocekavalo u pacientli, ktefi nepodstoupili
chirurgickou disekci uzlin (144,145). Moznym vysvétlenim je zlepSujici se kvalita
zobrazovacich metod pied 1é¢bou, imunitni odpoveéd’ zprosttedkovana T-lymfocyty pii ozareni
ablativnimi davkami nebo potencialni ozafeni mikrometastaz v regionalnich uzlinach nizsi
davkou na okraji cilového objemu (146,147).

Vzdalena diseminace zGstava hlavni pricinou selhani 1éCby i u pacientti 1é¢enych SBRT,
stejné jako u chirurgicky léCenych pacientli. Pfestoze se jedna o ¢asné stadium onemocnéni,
metastatické Sifeni se po SBRT vyskytuje u 15-30 % pacientil, coz odpovidd mife pozorované
u pacienti po resekci (148-150).

Ve srovnani s chirurgickymi studiemi je celkové preziti (OS) po SBRT u stadia |
NSCLC obvykle niZsi, coz je pravdépodobné zpusobeno vybérem pacientii — SBRT je primarné
indikovana u nemocnych s vyznamnymi komorbiditami, ktefi maji vyssi riziko amrti z jinych
pfi¢in. Tento pfedpoklad podporuji multivariaéni analyzy, podle nichZz je celkové pieziti
po SBRT srovnatelné s chirurgickymi kohortami (129,145,151).

Onishi et al. popsali, Ze 1é¢ebné vysledky jsou signifikantné leps$i pii ozafeni davkami
s biologickym ekvivalentem (BED) > 100 Gy nez pfi niz$ich davkach (148). BED piedstavuje
faktor pouzivany k porovnavani davek a frakcionacnich schémat na zakladé¢ matematického
modelu odpovédi jednotlivych tkani na ozafeni (152). Vyhoda intenzifikovanych rezimt
(BED1o > 100 Gy) byla jednozna¢n¢ prokazana pii 1é¢bé perifernich NSCLC. U téchto nadora
se béZné pouZivaji rezimy 1 x 25-34 Gy, 3 x 18 Gy, 4 x 12 Gy nebo 5 x 11 Gy. V poslednich
letech se autofi zamé&fuji na hodnoceni efektivity a toxicity SBRT v 1é€bé centralné ulozenych
nadort (do 2 cm od bronchidlniho stromu) a nadort vétSich rozmértt (> 5 cm, > 100 cm?3).
V téchto piipadech je doporuceno frakcionovat, tedy rozdélit celkovou davku do vice mensich
frakci — nejcastéji 5 x 10 Gy, popi. 8 x 7.5 Gy, ptipadné s redukci davky podle rizikovych
struktur v okoli (153-157).

Zakladni kritické struktury (OAR) pti SBRT plicnich naddort jsou micha, plice, trachea
a hlavni bronchy, srdce, jicen, zaludek, duodenum, stfeva, velké cévy, klze, hrudni sténa

a Zebra.
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Tabulka ¢. 3: Periferni plicni 1éze — davkové limity (3 a 5 frakei) (50,158,159)

V 20 Gy 10% 10%
Obé pli pneumonitis
¢ plice D 1500 cm® 11,6 Gy 12,5 Gy lung function
D 1000 cm® 12,4 Gy 13,5 Gy
D max 30G 40G i
Bronchy/ trachea** y y ste_:n05|s/
D 4 cm3 15 Gy 16,5 Gy fistula
D max 45 Gy 53 Gy
Velké cévy aneurysma
D 10 cm3 39 Gy 47 Gy
D max 30 Gy 38 Gy L
Srdce pericarditis
D 15cm3 24 Gy 32 Gy
i D max 25,2 Gy 35 Gy stenosis/
Jicen** -
D 5cm3 17,7 Gy 19,5 Gy fistula
D max 21,9 Gy 30 Gy
Micha D 0,35 cm3 18 Gy 23 Gy myelitis
D1.2cm3 12,3 Gy 14,5 Gy
. D max 24Gy 30,5Gy
Plexus brachialis neuropathy
D3cm3 20,4 Gy 27 Gy
D max 36,9 Gy 43 Gy*
Zebro/ Hrudni sténa D1cm3 28,8 Gy 35 Gy* pain/fracture
D 20 cm3 24 Gy 25 Gy

Zkratky: D = davka, V = objem, Gy = Gray, * limit 1ze pfekrocit, je-1i ¢ast uvnité PTV, ** vyhnout
se ozafeni celého obvodu, D max je davka v 0,035 cm3.

Tabulka ¢. 4: Centralni plicni léze — davkové limity (8 frakci) (160)

V 26 Gy 10%
< 1 3 pneumonitida,
Obé plice D 1500 cm 14 Gy plicni funkce
D mean 7Gy
Proximalni bronchidlni ) ; o35 ¢y 46,3 Gy stenéza / fistula
strom/ trachea
Velké cévy D 0,035 cm3 65 Gy aneurysma
D 0,035 cm3 46 Gy N
Srdce perikarditida
D 15cm3 39 Gy
Jicen D 0,035 cm3 40 Gy stendza / fistula
Micha D max 30,6 Gy myelitida
Plexus brachialis D 0.035 cm3 35 Gy neuropatie
D 0,035 cm3 68 Gy
Hrudni sténa bolest
D 30 cm3 45 Gy

Zkratky: D = davka, V = objem, Gy = Gray.
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3.1. Toxicita SBRT plicnich nadort

Pti dodrzeni toleran¢nich limith je vyskyt nezddoucich u€inkd velmi nizky.

Casnd akutni toxicita (< 6 tydnd):

- unava — obecny nezadouci efekt, trvala tinava muize souviset s komorbiditami,

- kasel / dyspnoe — vznika na podklad¢ postradiacniho zadnétu, vyraznéjsi duSnost a kaSel
muze souviset s plicnimi funkcemi a komorbiditami,

- bolest na hrudi — vznika ve spojitosti s lokalizovanou pleuritidou,

- ezofagitida — souvisi s centralni lokalizaci tumoru, objevuje se nékolik tydnl po ozateni
a je prechodna,

- pneumonitida — souvisi s velikosti ozafeného objemu plice, koufenim, uzivanim
kortikoidli a komorbiditami; klasicka akutni pneumonitida vznikd za > 2tydny a je
kombinovana s kaSlem, duSnosti a horeckou.

Pozdni toxicita (> 6 tydnua):

Pozdni toxicita je velmi Casto ovlivnéna komorbiditami, CHOPN ¢i intersticidlnimi zanéty.
Obecné plati, ze pacienti indikovani k SBRT jsou rizikovi, maji ¢etné vedlejsi choroby
a vétSinou sniZzené plicni funkce. To zvySuje i riziko pozdnich zmén.

- trvaly kasel / dyspnoe,
- pneumonitida — nejcastéji se vyskytuje po vice nez 6 tydnech, viz vyse,

- brachidlni  plexopathie — vznika pii ozafovani plicniho hrotu, projevuje
se neuropatickou bolesti, Lhermitovym pfiznakem ¢i motoricko/senzorickymi zménami
na hornich koncetinach,

- radiacni kozni vired — vzacna komplikace, pfi dodrzeni limiti nevznika,
- bolesti hrudniku a zlomeniny Zeber — u pacientd s perifernimi lozisky,

- Striktura jicnu a tracheoezofagealni pistel — vzacna komplikace pti 1é€bé mediastinalni
lymfadenopatie, objevi se spise pfii reiradiaci, pii dodrZeni limiti nevznika.

Vzhledem k tomu, Ze hlavni pfic¢inou selhani 1écby ¢asnych stadii NSCLC 1é¢enych
SBRT je vzdéalena diseminace, je na misté otdzka pouziti adjuvantni systémové terapie. Toto
téma je vSak kontroverzni — po chirurgickych resekcich se chemoterapie u stejnych stadii
pouziva jen ziidka a u pacientu s pfidruzenymi komorbiditami byva Casto kontraindikovana.
V této souvislosti je také diilezité zminit moderni 1é¢ivé pripravky, at’ uz jde o Iéky cilené
na specifické genetické mutace/ alterace nebo o imunoterapii modulujici imunitni odpovéd’
organismu (161,162). Tyto latky jsou preferovany nejen kvuli své selektivité, ale také diky

piiznivéjsimu profilu nezadoucich ucinkti. V soucasnosti probihd nékolik klinickych studii

hodnoticich tuto terapeutickou kombinaci (163-165).
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Dalsim diskutovanym tématem je pouziti SBRT u operabilnich pacientd. JiZ Onishi
et al. ukazali, Ze pieziti podskupiny operabilnich pacienti 1écenych SBRT bylo srovnatelné
S pacienty ve stejném stadiu, ktefi podstoupili videoasistovanou torakoskopickou chirurgii
(VATS) nebo lobektomii (148). Tato data, v kombinaci s ptiznivym 1é¢ebnym profilem SBRT,
vedla k zahajeni tfi randomizovanych studii u operabilnich pacientti (166,167). Bohuzel,
vSechny tyto studie byly pfed€asné ukonceny kviili nizkému poctu zatazenych pacientid. V roce
2018 byla publikovana analyza dvou z nich (ROSEL a STARS), ktera v§ak zahrnovala pouze
58 pacientd. Vysledky naznacily mozny benefit SBRT oproti chirurgické 1é¢bé — minimalné
z hlediska celkového preziti, nebo dokonce ekvivalenci v lokalni kontrole (167).

V roce 2018 publikoval Timmerman et al. vysledky studie RTOG 0618, ktera hodnotila
SBRT u operabilnich pacientii s casnym NSCLC, pfi¢emz chirurgicka resekce byla vyhrazena
pouze pro piipad selhani lokalni kontroly (168). Nejednalo se 0 piimé srovnani obou modalit,
ale studie potvrdila dlouhodobé ptinosy SBRT u pacientd ve velmi dobrém celkovém stavu —
s ctyfletou lokalni kontrolou 96 % a bez toxicity stupné 4/5. Tuto problematiku nadale zkoumaji
probihajici randomizované studie faze III, které pfimo porovnavaji chirurgickou resekci

a SBRT (169).

3.2. Sledovani pacientl

Nasledné sledovani pacientd béhem a po ukonceni ozafeni je provadéno podle
zavedenych standardt. Kontroly sestavajici z CT ¢i PET/CT, klinického vySetteni, zdkladnich
odbérti a dopliikovych vySetfeni podle ozatené lokality (spirometrie, jaterni funkce, ledvinné
funkce apod.) jsou doporuc¢ovany v prvnich dvou letech kazdé 3—4 mésice, v dalsich tiech letech
kazdého pil roku a nasledné jednou ro¢né.

Hodnoceni by mélo byt zalozeno na RECIST kritériich, nicméné je ztiZeno rozvojem
napadnych postradia¢nich zmén v okoli ozateného objemu (fibrotizace a konsolidace plicniho
parenchymu aj.). Obecné plati, ze radiologické zmény zahrnuji v oblasti ozafené 1éze a jejiho
okoli poc¢atecni zanétlivou reakci (< 3 mésice), ndsledovanou riznym stupném FDG aktivity
a neaktivni fibrozy (> 6 meésict), které se mohou dynamicky ménit a vyvijet i nékolik let.
Odliseni ptipadné recidivy v tomto terénu je obtizné. Na moznost recidivy onemocnéni je nutné
myslet, kdyZ dochéazi v ¢asném obdobi (< 12 mésict) k nartstu velikosti a aktivity ozatené 1éze
nebo se v del§im ¢asovém odstupu (> 12 mésicti) objevi nova aktivni loziska. Takové situace

jsou indikaci k ¢asné CT/ PET kontrole, biopsii ¢i chirurgickému zakroku.
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4. Primarni nadory gastrointestinalniho traktu

4.1. Primarni nadory jater

Dv¢ tfetiny pacienti s hepatocelularnim karcinomem (HCC) nemohou byt indikovani
k transplantaci nebo chirurgické resekci kvuli $patné funkci jater, celkove horSimu zdravotnimu
stavu nebo pokrocilosti onemocnéni. U téchto pacientli se Casto voli lokdlni 1é¢ebné metody,
jako je radiofrekvencni ablace (RFA) nebo transarteridlni chemoembolizace (TACE), které
piinaseji dobré vysledky (170). Radioterapie (RT) se pii 1é¢bé primarnich i sekundarnich
nadort jater historicky vyuzivala jen minimalné vzhledem k riziku radia¢né indukovaného
poskozeni jater (RILD) (171). Diky pokrokim v zobrazovacich technologiich a ozafovacich
metodach umoziuje SBRT aplikovat vysoké davky zafeni pfimo do nadoru a zaroven Setfit
zdravou jaterni tkan. Z radiobiologického hlediska jsou jatra paralelni orgén, coz znamena,
ze pokud je zachovan dostateCny objem neozaiené jaterni tkané, 1ze do jeho jiné ¢asti aplikovat
i velmi vysokou davku zateni.

Roli SBRT v 1écbé HCC potvrdila fada prospektivnich studii (172-175). Existuji také
dikazy, ze SBRT ma lepsi efektivitu a méné komplikaci nez RFA ¢ TACE (176-180).
Metaanalyza Mezinarodni spoleCnosti pro stereotaktickou radiochirurgii (ISRS) hodnotila
vysledky a toxicitu SBRT pfti 1écbé HCC na zaklad€ 17 studii s 1889 pacienty IéCenymi v letech
2003-2019 (181). Petileta lokalni kontrola (LC) dosahla 82 % a celkové preziti (OS) 40 %.
SBRT lze bezpecné pouZit také jako docasnou (premostujici) 1é€bu pied transplantaci jater,

ktera pacientim s HCC zajist'uje nejlepsi preziti (182).

Tabulka ¢. 5: Vybrané klinické studie SBRT v 1é¢bé HCC (172,174,179,180,183)

. Davka, Kontrolni ..
Studie, rok N frakee FU rameno Efekt Toxicita
Mendez-Romero et 25-30 Gy ) 1-leta LC 75% B
al., 2006, faze I1 . 3-5 frakei e 1-lety OS 75% Cev iz
Bujold et al., 2013, 24-54 Gy ) 1-leta LC 87% o
faze I/11 102 6 frakei 314 1-lety OS 55% G3+30%
1-letd LC (median):
HUMANITAS: M M
Comito et al., 2022, 20 30-75 G){ 20 TAE/TACE SBRT ned(?sazen, TA?E .8 m¢és. Ne
faze 111 3-6 frakci 1 lety OS (median):
SBRT 75%, TACE 95%
) 27,5-50 Gy . , y )
RTOG 1112: Dawson 193 5 frakc 13.2 Sorafenib 1 lety OS (median): SBRT+S: 47%
. ) L e . - Ao
etal., 2022, faze 111 pak sorafenib S) SBRT+S: 15,8 més., S: 12,3 més. S: 42%
i 1-leta LC (median):
;Eﬁg‘i\e{t‘ zli\l/legggiz%- 0 48-54 Gy - TACE SBRT nedosa¥en, TACE 12 més. | 3 uddlosti pfi
. ! 6 frakci ' 1-lety OS (median): TACE

faze 11 SBRT 44,1 més., TACE 36,8 més.

Zkratky: HCC = hepatocelularni karcinom, N = poéet, FU = follow-up v mésicich, Gy = Gray, TAE = transarterial

embolization, TACE = transarterial chemoembolization, SBRT = stereotakticka radioterapie, G = grade, LC =
local control, OS = overal survival, mé&s. = mésice, S = sorafenib.
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Americka spole¢nost radiacni onkologie (ASTRO) doporucuje radioterapii jako prvni
linii 1é¢by u pacientt s lokalizovanym HCC, ktefi nejsou kandidaty chirurgie nebo ablace (184).
Dale je RT doporucovana jako konsolida¢ni terapie pii nedostate¢ném efektu jiné metody
¢i Jako salvage 1écba pii lokalni recidivé. Zaroven ji lze pouzit u peclivé vybranych pacientl
jako ,,pfemost’ujici* 1ébu pied transplantaci nebo chirurgickym zékrokem.

Na rozdil od jaternich metastdz, kde byla prokdzana zavislost efektu SBRT na vysi
aplikované davky, neni davkové doporuceni pro 1écbu HCC jednoznacné. Ohri et al. ve své
analyze sedmi studii nezjistili v davkovém rozmezi 3360 Gy ve 3-5 frakcich (BED1o 60—
180 Gy) u HCC rozdilnou efektivitu (185). Ani vySe zminéna metaanalyza ISRS neprokazala
souvislost mezi BED a lokalni kontrolou ¢i celkovym piezitim (181). Toxicita SBRT neni
U HCC na rozdil od 1é€by metastaz vzacna. Riziko RILD je v primarné nemocnych jatrech
U pacientd s Cetnymi komorbiditami vyssi (186-189). Vzestup Child-Pugh skore byl
zaznamenan u 10-30 % pacientd s ¢asnym nebo lokaln¢ pokro¢ilym HCC béhem 3 mésict
po SBRT.

Pti ,,pfemost’ujici 16¢be, kdy neni cilem uplna ablace, se doporucuje davka maximalné
45 Gy v 5 frakcich. U centralnich 1ézi nebo v oblastech, kde mtze fibroza zvysit riziko toxicity,
by méla byt davka nizsi (182). Pii davkovém piedpisu je nutné zohlednit objem neozafeného
jaterniho parenchymu, centralni lokalizaci ¢i blizkost radiosenzitivnich gastrointestinalnich
struktur k cilovym objemim. Podle studie RTOG 1112 (viz Tabulka ¢. 6) by davka méla byt co
nejvyssi na zakladé vyhodnoceni stfedni jaterni davky (MLD, mean liver dose) (183).
U pacientt s Child-Pugh skore B je doporuc¢ena hodnota MLD < 6 Gy (190). U této skupiny
pacientl je také vhodné zvazit ozafeni kazdy druhy den. Naopak pro pacienty s perifernimi

nadory vzdalenymi od GIT struktur 1ze SBRT provést ve 3 frakcich.

Tabulka ¢. 6: Redukce davky podle MLD pii planovani SBRT u HCC (dle RTOG 1112) (183)

Pokud je MLD piekroc¢ena pri

Posazend MLD (6 Planovand divka (Gy) této planované davce, pak:
N ¥ T hodnotte,
o 45 szfviiﬁ?nﬁ?tif) o
B 0 T hodnotte,
2 * T whodnotie,
- ¥ T whodnatte.
17 27,5 Nelze provést.

Zkratky: MLD = mean liver dose, Gy = Gray.
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Tumory v horni ¢asti bficha, jako jsou nadory pankreatu a jater, jsou vzhledem k jejich
blizkosti k citlivym GIT strukturam vhodné pro adaptivni radioterapii (191). Velkou vyhodu
muze do tohoto procesu v budoucnu pfinést radioterapie fizena magnetickou rezonanci, ktera
poskytuje vynikajici zobrazeni mékkych tkani. Ocekava se, ze zvysi piesnost a preciznost
1é¢by, usnadni proces adaptivni radioterapie a umozni hodnoceni odpovédi béhem 1écby. Také
kombinace SBRT a systémové terapie, jako je cilena 1é¢ba nebo imunoterapie, piedstavuje

rovnéZz potencialni cestu pro zlepSeni vysledki 1é¢by (183,192).

4.2. Primarni nadory slinivky bfi$ni

Rakovina slinivky bfiSni méa velmi Spatnou prognoézu a v soucasnosti je jedinou
lé¢ebnou moznosti kompletni chirurgické odstranéni nadoru s negativnimi okraji (R0) (193).
Bohuzel jen 10-15 % pacientl je v dob¢ diagnézy operabilnich. U pacientti s hrani¢né
operabilnim nebo lokaln€ pokrocilym karcinomem slinivky (LAPC) az tfetina zemie na lokalni
progresi onemocnéni spiSe nez na vzdalené metastazy, coz podporuje hypotézu, ze dosazeni
lokalni kontroly (LC) nebo zpomaleni riistu nddoru je zasadni pro zabranéni jeho dalSimu Sifeni
a zlepSeni celkového pieziti (194,195).

Protoze pohyb slinivky je znac¢né variabilni (vliv dychéni, peristaltiky, pohybu
pacienta), je pfi obrazové navigaci s konvencnim CBCT nezbytné sledovat pohyb nadoru
pomoci ptedem zavedenych klipti — bud’ perkutanné pod CT navigaci, nebo 1épe pomoci
endosonografie (196). Biliarni stenty nejsou stabilni, a proto by se k navigaci pouzivat nemély
(197). Doporuceni pro konturaci GTV a rizikovych struktur pomoci CT a MRI obrazu
publikovali Heerkens et al (198). K dispozici je v rutinni klinické praxi také MR atlas horni
Casti gastrointestinalniho traktu (199).

Pti kombinované chemoradioterapii se historicky pouzivala konvenéni frakcionace
(1,8-2 Gy na frakcei), avsak jeji vysledky byly velmi neuspokojivé — mira LC mezi 40-50 %
amedian OS 5-14 mésicti. V poslednich letech prokazala fada nerandomizovanych studii
zkoumajicich stereotaktickou radioterapii (SBRT) v 1é€b¢ karcinomu pankreatu jeji vynikajici
lokalni kontrolu a minimalni toxicitu. Vyss$i davka na frakci vyznamné zvySuje biologickou
ucinnost 1é¢by (BED), a tim i kontrolu onemocnéni (17,195). Navic zkracenim celkové doby
1é¢by a minimalni toxicitou SBRT zlepSuje kvalitu Zivota pacientt.

Mellon et al. prokézali pii vyuziti moderni neoadjuvantni chemoterapie a nésledné
SBRT v 1é¢bé lokalné pokrocilého a hrani¢né operabilniho karcinomu pankreatu signifikantné

leps$i preziti ve srovnani se standardnimi metodami 1écby (200). I pies inicialni inoperabilitu
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bylo 36 % takto 1éCenych pacientti Uispésné operovano. U pacientti s hraniéné operabilnim
karcinomem slinivky podstoupilo chirurgickou resekci 51 % z nich, pticemz 97 % doséhlo
negativnich resek¢nich okreji a u 7 % byla zaznamenana kompletni patologicka odpovéd'.
De Geus et al. také prokézali signifikantné lepsi vysledky SBRT oproti klasické chemoterapii
I konvenéni radioterapii (201). V metaanalyze 19 studii s lokaln¢ pokrocilym karcinomem
popsali pii pouziti SBRT Petrelli et al. jednoletou LC piesahujici 72 % a OS 51 % (202). Bylo
rovnéz prokazano, ze SBRT nezvysuje riziko komplikaci pii nasledné operaci (203-205).

Podobné jako u jinych typti nadort plati, Ze eskalace davky u karcinomu slinivky souvisi
se zlepSenim pfeziti. V retrospektivni studii zahrnujici 200 pacientl 1é¢enych indukéni
chemoterapii a radioterapii byla biologicky ekvivalentni davka (BED1o) vyS$$i nez 70 Gy
spojena s del$im ptezitim (206). Kvuli rizikovym strukturam v okoli nadoru je vSak obtizné
bezpecné navysit davku zafeni do celého objemu PTV, 1 pii pouziti pokrocilého obrazového
navadéni, napiiklad MRI. Protoze je pii planovani obecné povolena az 30% heterogenita davky
v ramci PTV, je v oblastech piekryti nebo blizkosti OAR ¢asto vhodnéjsi davku pokryvajici
PTV snizit (napt. 30 Gy v 5 frakcich), aby byly dodrzeny davkové limity. Zbylé ¢asti PTV pak
mohou obdrzet davku vyssi. Také oblast velkych cév, kde je riziko recidivy nejvyssi, by méla
byt pokryta vysokou davkou, idealné eskalovanou (207-209).

Na zékladé téchto vysledkli je SBRT soucasti fady mezinarodnich lécebnych
doporuceni (206). Aktualni verze NCCN guidelines uvadi SBRT jako jednu z moznosti 1é¢by
u pokroc€ilého, inoperabilniho a nemetastatického karcinomu pankreatu po indukéni
chemoterapii a stavi ji na roven chemoradioterapii. Pokud nejsou pacienti schopni absolvovat
chemoterapii, 1ze SBRT pouzit i jako samostatnou modalitu. Indikace SBRT by méla byt
posouzena radia¢nim onkologem s ohledem na velikost infiltrace a vztah k okolnim
radiosenzitivnim strukturdm. SBRT by neméla byt indikovana v piipadech s prokéazanou

pfimou invazi tumoru do stteva ¢i zaludku.
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moznosti, ale u vEétSiny pacient je neproveditelnd. Neoadjuvantni terapie, zahrnujici

systémovou 1é¢bu v kombinaci s radioterapii, miize zvysit Sanci pacientll na usp&snou 1écbu.

SBRT nabizi oproti konven¢ni radioterapii n€kolik vyhod — umoziiuje podani vysSich davek
do nadoru s minimalnim ozafenim okolnich tkani, zkracuje dobu 1é¢by a 1épe se kombinuje
s chemoterapii. Clanek pfinasi prehled soucasnych dikazii o indikacich SBRT u nadori
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urychlovaci zalozenych na navigaci magnetickou rezonanci (MR-linac). Kombinace SBRT

s modernimi cytostatiky mize pomoci prodlouzit pfeziti pacienti z mésict na roky.
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Neoadjuvant therapy often consists of systemic treatment followed by radiation ther-
apy applied concurrently or sequentially with cytostatics [11,12]. As initial therapy for
borderline resectable or locally advanced disease, traditionally combined chemotherapy
regimens, such as FOLFIRINOX (5-fluorouracil + leucovorin + irinotecan + oxaliplatin)
or gemcitabine plus or minus nab-paclitaxel, have been preferably used [13-15]. Careful
re-evaluation of response with the use of CT and CA 19-9 levels, as well as monitoring of
patient performance status and symptoms is required every 2-3 months. Systemic neoadju-
vant therapy is recommended for a total period of 3-4 months to downsize the disease and
exclude patients with rapidly progressive disease. After confirmation of tumor response or
at least disease control, techniques focusing on increasing the local control should be con-
sidered. External beam radiotherapy delivered daily for 5-6 weeks by three-dimensional
(3D) conformal or intensity-modulated radiation therapy (IMRT) is still the most common
treatment course [8]. The limited ability of these 3D techniques to avoid bowel structures
and the need to use large treatment fields to cover the pancreas and surrounding nodal
areas result in high toxicity rates. Moreover, conventionally fractionated doses of 40 to
60 Grays (Gy), which are based on the tolerability of large-field radiation to the stomach
and duodenum, have been shown to have minimal to no impact on the overall survival of
patients [16].

Mixed results were reported in phase IIl randomized trials [2,16,17] evaluating the
role of standard doses of radiation delivered with concurrent chemotherapy to chemother-
apy alone for the treatment of LAPC. A recent study comparing the neoadjuvant ad-
ministration of gemcitabine and erlotinib with and without concomitant radiotherapy
(50.4 Gy /28 fractions + capecitabine) showed that conventionally fractionated chemoradi-
ation up to 60 Gy can lead to a modest local control benefit but only minimal or no effect
on survival [2]. The reason why the benefit to local control is not translated into a benefit in
terms of survival is probably multifactorial and largely influenced by the high frequency
of metastases observed in this disease. Another possibility is that local control gains were
not significant enough to cause a difference in survival, at least in a subset of patients with
predominantly locoregional disease progression. This requires an effort to increase the
radiation dose.

The recent success of more aggressive and effective chemotherapeutic regimens, such
as FOLFIRINOX and gemcitabine plus nab-paclitaxel, has prompted a review of local
therapy, which represents an unmet clinical need [13,14]. With improved systemic control,
local progression can become a more serious problem in terms of survival and quality of life.
However, the local control rate of standard external radiotherapy was disappointing, with
an annual rate of local progression of around 50%, leading most academic centers to change
their preference from standard dose chemoradiotherapy to new radiotherapy techniques
targeting a primary tumor with a minimal margin, i.e., stereotactic body radiotherapy
(SBRT) [18].

This shift goes hand in hand with technological developments that enable the delivery
of a highly focused radiation dose to the tumor while sparing the adjacent at-risk organs,
especially gastrointestinal (GI) structures. These methods include most of the following:
targeting radiation beams to fiducials or markers inserted into the tumor [19], daily use of a
computed tomography (CT) device on a linear accelerator platform (cone beam computed
tomography, CBCT) [20], management of breathing movements during simulation [21],
treatment alone (deep inspiration breath hold, DIBH), rapid and accurate dose adminis-
tration (volumetric modulated arc therapy, VMAT) [22], the use of high-dose-rate beams
without homogenization filters (flattening filter free, FFF) [23], or the possibility of cor-
recting and optimizing the patient’s position by employing the irradiation table with six
degrees of freedom [24].

2. SBRT

SBRT is still a relatively new radiotherapy technique that can deliver higher doses
of radiation to the tumor in only a few treatment fractions. It has been established in
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the treatment of various solid tumors, such as non-small cell lung cancer, prostate cancer,
hepatic cancer, and oligometastatic disease. Emerging evidence suggests that SBRT may
play a role in the treatment of PC. It has attracted significant interest for pancreatic cancer
patients, as it is completed quickly over one to five fractions, requires less time away from
full doses of chemotherapy, and is generally well-tolerated than conventional radiotherapy
due to the use of smaller target volumes. Much of the recent data on the use of SBRT in
pancreatic cancer reflect delayed local progression in locally advanced cases and improved
rates of RO resection and local control when used in neoadjuvant settings [25-27].

2.1. Potentially Curative Effect of SBRT

Initial studies [28-30] of the low-dose SBRT approach reported equivalent local control
rates to those achieved by chemoradiation. These studies prompted efforts to determine
whether dose escalation could affect local control (LC) or overall survival (OS). The first
phase I dose-escalating study from Stanford in 2009 increased a single dose of radiation
in patients with LAPC [31]. The study was terminated at a dose of 25 Gy because 100%
local control was achieved in all six evaluable patients treated with this dose. The me-
dian survival was 11 months. Despite smaller margins and lower acute toxicity, patients
treated on the same single-fraction protocol suffered from a high degree of late toxicity
(25% grade > 2) [32]. The authors reported gastric ulcer, duodenal and biliary stricture,
and small bowel perforation as sites of late toxicity. Distant failure occurred as the first site
of failure.

Using more fractions (usually five), researchers have reported lower levels of toxicity
without a reduction in local control. Herman et al. [33] treated their patients with neoad-
juvant gemcitabine and SBRT at a dose of 33 Gy in five fractions. The median OS was
13.9 months, and LC at 1 year was 78%. Four patients (8%) underwent margin-negative
and lymph-node-negative surgical resections. Park et al. [34] retrospectively compared
the same SBRT dose with the conventional approach (45-56 Gy in 25-28 fractions with
concurrent chemotherapy). SBRT achieved similar disease control outcomes as IMRT but
with less toxicity. In another study conducted by Ryal et al. [35], the median OS was
13 months from diagnosis, and 6- and 12-month LC rates were 91% and 78%, respectively.
Patients receiving induction chemotherapy had superior survival from diagnosis to that of
patients who did not (14 vs. 7 months, p = 0.01). Higher doses of 40 Gy (range 30-50 Gy) in
five fractions were used in a retrospective study by Shen et al. [36] SBRT was combined
with gemcitabine plus capecitabine chemotherapy. The median OS and progression-free
survival (PFS) from the date of diagnosis were 19 and 12 months, respectively. The 1-year
and 2-year survival rates were 82.1% and 35.7%, respectively, whereas the 1-year and 2-year
PFS rates were 48.2% and 14.3%, respectively. In general, the median survival in these
studies is 14-15 months, the annual local control is about 80%, and the grade 3 toxicity is
below 10% [37].

In recent years, some nonmatched studies [34,38] directly compared SBRT and conven-
tionally fractionated radiation therapy (CRT), reporting no significant differences in terms
of outcomes. However, de Geus et al. and Zhong et al. [39,40] compared matched cohorts
treated with SBRT and CRT, reporting improved median OS in the SBRT patient group.
Similar results were reported in a meta-analysis by Tchelebi et al. [41]. They included
9 studies on SBRT and 11 studies on CRT in LAPC (1147 patients). For SBRT, the median
dose was 30 Gy, and the most common regimen was 30 Gy in five fractions. For CRT, the
majority of studies delivered 50.4 Gy in 28 fractions with concurrent gemcitabine. The
SBRT technique achieved significantly superior outcomes in terms of 2-year OS (26.9% for
SBRT versus 13.7% for CRT, p = 0.004). The authors also showed a significantly higher
grade 34 acute toxicity in patients treated with standard radiotherapy (5.6% for SBRT
versus 37.7% for CRT, p = 0.013), whereas no differences between the two treatments were
recorded in terms of late toxicity.

Recent studies have also shown that LAPC patients treated with aggressive induction
chemotherapy in combination with SBRT are more likely to ultimately undergo resection.
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Moningi et al. [42] evaluated 88 patients treated with SBRT using gemcitabine regimens or
FOLFIRINOX. SBRT doses ranged from 25 to 33 Gy in five fractions. The one-year local
control rate was 61%, and the median overall survival was 18 months. A proportion of 20%
of these LAPC patients underwent surgery. Compared to non-resected patients, those who
underwent surgery had a significantly higher median OS (20.2 months vs. 12.3 months,
respectively). Grade 3 toxicity was less than 6%. A large institutional study conducted
by Mellon et al. [43] treated 159 patients (110 BRPC, 49 LAPC). The authors reported a
24% surgical conversion rate in patients with LAPC treated with FOLFIRINOX chemother-
apy and SBRT. All these patients achieved resection with microscopic negative margins
despite having “unresectable” disease at diagnosis. Grade 3 or higher toxicity was 7%.
The median OS was 34.2 months (nearly 3 years) in patients who underwent resection
and 11.3 months in those who did not. Recently, the safety and efficacy of multiagent
chemotherapy (FOLFIRINOX or gemcitabine + nab-paclitaxel) in combination with SBRT
for the treatment of LAPC was confirmed by Hill et al. in a prospective non-randomized
controlled phase II trial [44]. Median OS was 20.2/14.6 months from diagnosis/SBRT, and
1- and 2-year OS from SBRT was 58% and 28%, respectively. A proportion of 39% of patients
were surgically explored, and 75% achieved RO resection. The median OS after resection
was 28.6/22.4 months from diagnosis/SBRT, respectively. Only one patient (2.1%) had
late-grade > 2 gastrointestinal toxicity attributable to SBRT.

Some studies also suggest the benefit of SBRT for the treatment of patients with a
borderline resectable pancreatic tumor. Chuong et al. [45] treated 73 patients (57 BRPC,
16 LAPC) who received an induction combination of gemcitabine, docetaxel, and capecitabine
followed by SBRT. The prescribed dose of 30 Gy was increased to 35 Gy in the area of
large-vessel infiltration using the simultaneous integrated boost (SIB) technique to ensure
maximum probability of tumor regression and RO resection. After restaging, 56.1% of
patients with BRPC underwent surgical resection, with the majority (96.9%) having negative
margins. Resected patients had significantly better median OS (19.3 vs. 12.3 months;
p = 0.03) and median PFS (12.7 vs. 5 months; p < 0.0001). No grade 3 acute toxicity was
reported. In a subsequent study [43], the same authors treated 159 patients (110 BRPC,
49 LAPC) with neoadjuvant chemotherapy and SBRT. Compared to the study described
above, patients received a more aggressive combination of chemotherapy (43% of LAPC
patients were administered the FOLFIRINOX regimen); the dose was increased to 30 Gy
to the tumor and 40 Gy dose painted to tumor-vessel interfaces. Surgical resection was
performed in 51% of patients with BRPC, and RO resection was achieved in 96% of these
patients. Again, the median OS was significantly higher in patients who underwent surgery
compared to those who did not (34.2 vs. 14.0 months; p < 0.001). Although the prescribed
doses were higher than in the previous publication, the incidence of late toxicity was the
same (~5%). The feasibility of using SBRT for the treatment of BRPC is supported by the
results of other studies [46-48], some with a smaller number of enrolled patients. Based on
these results indicating improved LC, a higher rate of R0 resectability, and improved OS,
SBRT should be recommended in such cases.

The use of local therapy in operable patients is still controversial. Some studies have
reported an impact of positive resection margin on survival, whereas others found no such
correlation [49]. Cloyd et al. [50] observed that adding preoperative CRT in comparison
with systemic therapy alone was associated with a higher rate of margin-negative resection
(91% vs. 79%, p < 0.01), a lower rate of positive lymph nodes (53% vs. 23%, p < 0.01),
greater treatment effect, and reduced incidence of locoregional recurrence (LR; 16% vs. 33%,
p < 0.01) but similar median OS (33.6 vs. 26.4-months, p = 0.09). Finalized studies using
SBRT for the treatment of pancreatic cancer are listed in Table 1.
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2.2. Pain Relief

Pancreatic cancer is an aggressive disease caused by its local ground with significant
invasion of the surrounding structures [55]. This leads to the activation of sympathetic
and parasympathetic nerve fibers and, consequently, to pain [56]. Approximately 30-40%
of patients report pain as the dominant symptom at diagnosis, with as many as 90%
reporting pain as the dominant symptom before death [57]. Pain relief can be achieved
with CRT or SBRT, and studies [33,56,58] suggest that SBRT has a better effect and lower
toxicity than standard CRT. SBRT may lead to permanent pain relief in as many as two-
thirds of symptomatic patients and can be well-integrated with other therapeutic options,
especially chemotherapy.

2.3. Oligometastases

SBRT is also widely used to treat oligometastatic disease. Treatment of liver metastases
with SBRT has shown promising results with a high degree of local control in other primary
malignancies, such as colorectal cancer [29-61]. Data on the SBRT treatment of liver
metastases from PC are limited but provide promising results. Oladeru et al. [62] reported
the results of 41 patients with metastatic pancreatic cancer whose liver metastases were
treated with SBRT to a mean dose of 50.0 Gy in five to six fractions. After 12 months, the
local control rate was 75.8%, and overall survival was 36.3%. There may also be clinical
situations in which SBRT of primary pancreatic lesions may be considered in patients with
limited metastases, such as a patient with an oligometastatic disease that has been stable
for more than six months or has responded well to systemic therapy [63].

3. Practical Considerations
3.1. Patient Selection

Pancreatic SBRT is currently reserved for patients with LAPC and BRPC. The indica-
tion of SBRT must be based on the assessment of the extend of the disease by a radiation
oncologist concerning the overall size of the infiltration and its relationship to the surround-
ing radiosensitive structures. SBRT is not intended for patients with metastatic disease
(with the exception of special cases of oligometastatic disease) or with large tumors or multi-
ple affected lymphatic nodules in the vicinity. Gastrointestinal mucosal infiltration evident
at the time of diagnostic endoscopy or endosonography is also a contraindicated due to
the direct disruption of wall integrity and the risk of bleeding and peritonitis. The current
version of the NCCN guidelines (1.2022) [64] for advanced, inoperable, and non-metastatic
pancreatic cancer lists SBRT as a treatment option after induction chemotherapy and as a
method equivalent to chemoradiotherapy. If patients are unable to receive chemotherapy,
SBRT can also be used as a stand-alone modality.

3.2. Neoadjuvant Systemic Therapy

As previously mentioned, optimal management of patients with LAPC and BRPC
includes systemic neoadjuvant chemotherapy followed by chemoradiotherapy or SBRT
and subsequent resection (if possible). Neoadjuvant chemotherapy is used to downsize the
tumor, increase the chance of resectability, test the sensitivity to chemotherapy, and exclude
patients with rapidly progressive or hidden metastatic disease who would not benefit from
the addition of surgery or radiotherapy. Unfortunately, there is still a lack of randomized
data in this setting. In the case of LAPC, it is recommended to start with the most active
combined chemotherapy regimen for the treatment of metastatic disease. Preferably modi-
fied FOLFIRINOX or gemcitabine plus or minus nab-paclitaxel have been used [65]. Close
monitoring of chemotherapy efficacy every 2-3 months is crucial. In the case of regression,
resection should be reconsidered. If progression or metastatic spread occurs, there is a need
to change the cytostatic regimen and continue with systemic treatment, but the prognosis is
usually poor. In the case of minor regression or disease stabilization, radiotherapy should
be considered to increase local disease control. In BRPC, there is no consensus regarding
the chemotherapy regimen, length of the treatment, role of radiotherapy, and its timing and
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treatment schedule. Although some data regarding gemcitabine efficacy in this setting have
been published [65,66], more effective chemotherapy regimens similar to the LAPC setting
are recommended, usually of at least 4 months. The role of SBRT remains controversial [67].
Selected studies evaluating the treatment of BRPC are summarized in Table 2.

Table 2. Selected studies evaluating the treatment of BRPC.

Median OS
1 [v)
Study, Year Stage Therapy Patients RO (%) (Months) HR
Surgery — gemcitabine 54 8.5 13.2
Versteine et al., BRPC — HR 0.67
2021 [65] CRT (gemc1tab1r.1e) —> Surgery — 59 407 173 p=0.045
gemcitabine
FOLFIRINOX — Surgery — FOLFOX 70 42 30
Katz et al., 2021
[66] BRPC FOLFIRINOX — SBRT — Surgery — 56 25 171 NR
FOLFOX ‘
Jang et al., 2018 Surgery 23 26 12 HR 1.495
BRPC -
[67] CRT — Surgery 27 52 21 p=0.028
Motoi et al., Resectable + Surgery — S1 180 72 267 HR 0.75
2019 [68] BRPC gemcitabine + S1 — Surgery — S1 182 77 36.7 p=0.015

BRPC = borderline-resectable pancreatic cancer; CRT = chemoradiotherapy; SBRT = stereotactic body radiotherapy;
RO = number of RO resections; HR = hazard ratio; NR = not reported; FOLFIRINOX = oxaliplatin, folinic acid,
irinotecan, and fluorouracil; FOLFOX = oxaliplatin, folinic acid, and fluorouracil.

3.3. Fiducial Placement

Most trials [33,69-72] published to date used fiducial markers to localize the target
volume during irradiation. In our practice, we insert one to three LumiCoil clips under
EUS guidance. The fiducials are placed via a fine needle with a thickness of 19G directly
into the tumor, into its periphery, or max. 1 cm from the tumor into the healthy pancreas.
To ensure the healing of a possible inflammatory reaction, it is advisable to insert markers
at least 2 days before the simulation [73,74]. Biliary stents are not suitable for localization.
On the other hand, localization of target volume on daily non-contrast CBCT is more
accurate with a biliary stent than with no such surrogate marker of tumor position [75,76].
Figure 1 summarizes a clinical example of endoscopic ultrasound-guided fiducial placement
before SBRT.

3.4. Planning CT Simulation

A comfortable, accurate, and reproducible position can be ensured using individually
prepared shaped vacuum bags, which are attached to a stereotactic frame or used freely. In
our practice, we use CIVCO frameless fixation and positioning systems as a standard for
patient fixation. We treat with the most used approach, i.e., patients in a supine position
with their arms above their heads and their knees supported.

SBRT planning is based on CT examination or its fusion with other 3D examination
methods (MR, positron emission tomography (PET), etc.) This fusion ensures both accurate
determination of the target volume and accurate planning of irradiation technology. Scan-
ning of one-millimeter sections may be recommended; the examined area must include at
least the target lesion and the entire volumes of risk tissues and organs in the vicinity.

Patients must be fasted for at least 3 h before planning CT examination and before each
radiotherapy session. During the acquisition of planning CT scans, oral, and intravenous
contrast are standardly combined to more accurately locate the tumor site and differentiate
between vascular structures, intestines, and nodes. In terms of timing, the combination
of arterial (25-35 s after, i.e., contrast application) and venous (55-70 s) phases is ideal.
Most authors recommend scanning in the pancreatic parenchymal phase, i.e., 45-50 s after
application of the contrast agent [77].
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the recommendation of Oar et al., we use tumor—vessel interface volume (TVI) as a part of
the clinical target volume (CTV), together with GTV [26,43,81]. The TVl is the area nearby
between major vessels and the GTV; it is important because recurrences or positive surgical
margins often remain in this area. Any major vessel within 5 mm of the tumor should be
contoured from 5 mm proximal to 5 mm distal of the GTV. The majority of studies have
utilized a 5 mm expansion to planning target volume (PTV) [82].

All at-risk organs with an additional safety margin must be excluded from high-dose
PTV. To this end, we draw three GI organs, namely the stomach with the duodenum and
the small and large intestines. Then, 3-5 mm is added as a safety margin to create the
corresponding planning organ at-risk volumes (planning risk volumes, PRV). The sufficient
distance between the high dose in PTV and these risk organs is 5-7 mm. The risk is also
related to the volume of the PTV and the OAR border; therefore, volume parameters are
also included in the constraints [83].

3.6. Dose and Fractionation

Published SBRT studies have used one to six fractions, with five fraction schemes
being most commonly used [69,84,85]. Ablative dose regimens with 25 Gy in one fraction
or 45 Gy in three fractions have shown higher toxicity. Doses up to 50 Gy in five fractions to
the PTV have been used in several studies [58,69,86] with acceptable toxicity. In our daily
clinical practice, we often follow the recommendations of Oar et al. [26] and prescribe a
dose of 40 Gy in five fractions to as much of the PTV as possible. Owing to the vicinity of
GI structures, a compromise in dose coverage is needed. We deliver the dose maximum
four times a week with no more than two consecutive fractions.

Some authors use intensity-modulated radiotherapy (IMRT) with SIB dose painting,
typically with two or three planning target volumes (a dose to get the microscopic dis-
ease, an SIB, to the GTV and, if possible, a second SIB at a higher dose to the hypoxic
center) [87,88]. This technique with a high dose to the tumor and lower doses to a margin
surrounding the gross disease increases the rate and durability of local control.

The need for homogeneous coverage of the target volume with the prescribed dose,
as required in CRT due to large volumes containing risk structures, has been abandoned
in the SBRT concept. Conversely, allowing a hotspot can improve the conformity of high-
dose distribution and thus allow for dose escalation. The tumor center is typically more
hypoxic than the periphery and therefore more radioresistant. Thus, a hotspot in the more
radioresistant part of the tumor is a benefit.

From this point of view, the SIB approach described above represents homogeneous
irradiation of multiple target volumes with gradually increasing doses, i.e., a certain transi-
tion between conventional homogeneous irradiation and dose escalation using controlled
hotspots within one PTV. The SBRT approach requires a prespecified percentage cover-
age of the target volume with the prescribed dose. It is recommended that the dose of
90% of an evaluable PTV (PTV less the gastrointestinal PRV) be greater than 100% of the
prescription dose [26]. On the contrary, if the minimum dose covering 90% of the PTV is
less than 90% of the prescription dose, reduced-dose SBRT or another approach should
be considered. Maximum doses of 33 Gy in five fractions to the duodenum and small
bowel are associated with a low incidence of toxicity [43,89]. Figures 2 and 3 show a
clinical example of a 75-year-old man with LAPC (ductal adenocarcinoma, grade 3, classifi-
cation T4ANOMO) treated with surgery (choledocho-duodeno anastomosis), chemotherapy
(FOLFIRINOX, 6 cycles), fiducial placement (LumiCoil), and stereotactic radiotherapy
(SBRT, 40 Gy/5 fractions).
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Figure 2. Planning volumes and risk structures. The tumor (GTV, white) and nearby vessels (TVI,
red) are contoured. The sum of GTV and TVI forms CTV. A 5 mm expansion of the CTV makes
planning target volume (PTV, blue). The main OARs are the duodenum (yellow), stomach (yellow),
small bowel (light brown), and large bowel (dark brown). The evaluable PTV (PTV_EVAL, smaller
blue volume) is PTV less GI structures with 3-5 mm margins. The fiducial marker is shown at the
border of the GTV.

Figure 3. Dose coverage. PTV 38.03 cc (blue; near-maximum dose of 51.26 Gy; mean dose of 43.42 Gy;
near-minimum dose of 32.9 Gy), PTV_EVAL 32.01 cc (blue; near-maximum dose of 51.49 Gy; mean
dose of 45.01 Gy; near-minimum dose of 38.73 Gy), duodenum (yellow; maximum dose of 32.55 Gy),
stomach (yellow; maximum dose of 21.50 Gy), small bowel (orange; maximum dose of 15.11 Gy),
and large bowel (brown; maximum dose of 14.88 Gy). The compromise in dose coverage caused
by the vicinity of the duodenum and stomach is displayed. The corresponding DVH is plotted
in the upper-right corner. Near-maximum and near-minimum doses correspond to ICRU report
83 recommendations.
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3.7. Dose Application and Constraints

As mentioned above, when planning and delivering a dose, we use all the technical
options that are available for treatment with a linear accelerator in combination with a
CT device.

The dose is calculated in the Varian Eclipse planning system with the Acuros XB
(AXB) calculation algorithm and correction for heterogeneity. We use a photon beam of
two compatible Varian TrueBeam STX ver. 2.7 linear accelerators to apply the dose. To
accelerate dose application, these devices use radiation beams without homogenizing filters
(FFF, Flattening Filter Free Beams) with high dose rates (1400 MU /minute for a 6 MV FFF
beam and 2400 MU /minute for a 10 MV FFF beam) [23]. VMAT (volumetric arc therapy)
technology also increases time savings. A typical treatment plan consists of three partial
VMAT arcs [22].

Daily correction of the patient’s position before the actual irradiation is performed
directly on the radiation table using an integrated imaging system (CBCT, CT with a conical
beam of radiation) combined with a radiation table with six degrees of freedom (Perfect
Pitch 6-DoF Couch by Varian). The CBCT image can be combined with kV images showing
the established localization clips. If their position goes outside the set limits during the
treatment, the radiation beam is automatically stopped, and the localization process is
repeated [20].

To ensure radiation safety, each plan is verified before the treatment by gamma analysis
according to a quality assurance (QA) protocol. The transit dose is also measured during
the treatment.

When planning, one must distinguish areas where the application of high doses is
relatively safe and where it is necessary not to exceed the constraints and reduce the
dose. Strictly respected OAR limits ensure maximum safety and tolerance of treatment
without the risk of significant side effects. The organs at risk in pancreatic SBRT are the
stomach, duodenum, small and large bowel, spinal cord, liver, and kidneys. OARs must be
contoured so that the dose can be evaluated using dose-volume histograms (DVH). In our
daily clinical practice we use constraints published by Oar et al. in 2020 [26].

3.8. MR Linac-Based Approach

Another way to overcome the limitations caused by GI tract movements is daily online
adaptive radiotherapy using new linear accelerators combined with magnetic resonance
imaging (MR-linacs). This technology allows for direct visualization of the tumor and
critical GI structures during irradiation, as well as allows the possibility of adapting the
irradiation plan every day according to the current location of the tumor and the risk
structures in the vicinity. Patients can be treated with guided breath hold or with gating on
free breathing [90].

Rudra et al. [91] evaluated outcomes of inoperable pancreatic cancer patients treated
using adaptive magnetic resonance imaging-guided radiation therapy (MRgRT) with and
without dose escalation. There was a significant overall survival benefit of 71% at 2 years
in the escalated and daily adapted arm versus 25% in the standard therapy patients. In
addition, there was no grade 3 or higher toxicity in the escalated group, whereas three
patients in the standard, non-adaptive group had grade 3 or higher toxicity. We are now
waiting for the results of a prospective phase II multi-institution study (NCT03621644)
evaluating 50 Gy in five fractions using MRgRT technology with daily plan adaptation.

This technology provides a platform for dose escalation in radiotherapy of pancreatic
tumors without increasing the number of fractions.

4. Discussion

We do not intend for this article to be a meta-analysis or systematic review but seek
to provide the reader with a basic overview of the current evidence on the indications
for SBRT, with a focus on practical considerations, to assist in the development of SBRT
planning and performing irradiation. Several topics remain to be discussed.
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4.1. Dose and Toxicity

Hypofractionated stereotactic body radiation therapy (SBRT) with a high dose per
fraction offers a more effective treatment with the potential to overcome radioresistance in
pancreatic cancer, thereby improving local control. In addition, due to its short duration,
SBRT favors sequential combination with chemotherapy. However, randomized evidence
on dosing and fractionation is still lacking. Recent data suggest improved outcomes if
higher radiation doses can be safely administered, although radiation tolerance of nearby
stomach and bowel structures remains limiting.

As noted above, some authors using 25 Gy in a single fraction or 45 Gy in three
fractions regimens have demonstrated higher toxicity in institutional studies. In a study by
Pollom et al. [69], the 6-month and 12-month cumulative incidence of grade > 3 gastroin-
testinal toxicity was 8.1% and 12.3% in the single fraction group and 5.6% in the multiple
fraction group, respectively. There were also significantly fewer cases of grade > 2 toxicity
in the multifraction SBRT group (p = 0.005). Described toxicities included duodenal perfo-
ration, gastric or duodenal ulcer, sclerosis of the gallbladder, duodenal stricture, and upper
gastrointestinal bleeding. Hoyer et al. [84] reported that after SBRT with a dose of 45 Gy
in three fractions, 64% of patients had grade > 2 toxicity, including nausea and pain, and
23% developed severe mucositis or ulceration of the stomach or duodenum, including one
patient who required surgery for perforation.

In contrast, doses up to 50 Gy in five fractions per PTV have been used in a number
of studies with acceptable toxicity. For example, Pollom et al. [69] used a median dose of
33 Gy (range 25-45 Gy) in five fractions in the multifraction arm; Song et al. [54] used 45 Gy
(35-50 Gy) in five fractions (3-8 fractions); Lin et al. [58] prescribed doses in the range of
35-45 Gy with a daily fraction of 7-9 Gy; and Su et al. [86] administered a dose of 30-36 Gy
in three fractions or 4048 Gy in four fractions. No severe grade 3 toxicity was observed in
these studies.

Arcelli et al. (2020) [92] aimed to compare two cohorts of LAPC patients treated
with SBRT + CHT vs. CRT + CHT in terms of LC, PFS, OS, and toxicity. No statistically
significant differences in terms of acute and late toxicity, PFS, or OS were noted between
the two cohorts. Only one case (2.5%) of gastrointestinal bleeding was reported 9 months
after SBRT. This study showed no significant differences between SBRT and CRT in terms
of OS. This difference could be due to the relatively low BED (biological equivalent dose)
administered in the SBRT cohort.

In addition to 90-day perioperative toxicity, a recent study by Hill et al. [93] describes
long-term outcomes in a group of patients who underwent subsequent surgical resection
after receiving neoadjuvant chemotherapy alone or neoadjuvant chemotherapy followed by
SBRT. Doses of 33 Gy (10-15% heterogeneity allowed) were administered in five fractions on
five consecutive working days. Negative margins (p = 0.001), negative nodules (p = 0.001),
and pathological complete response (p = 0.02) were more frequently achieved with the
SBRT regimen. Perioperative morbidity of grade 3 or higher was not significantly different
between the two cohorts (p = 0.81).

4.2. Pain Relief

Patients with locally advanced ductal adenocarcinoma of the pancreas often experience
severe pain. Pain relief can be achieved with CRT or SBRT, and studies [33,56,57] suggest
that SBRT has a better effect and lower toxicity than standard CRT.

A recent systematic review by Buwenge et al. (2020) [94] analyzed 19 papers reporting
pain relief after SBRT. The rate of analgesic reduction or discontinuation ranged between
40 and 100% (median 60.3%) in six studies. The pooled rate was 71.5%. The rate of partial
plus complete pain response ranged between 44.4 and 100% (median 78.6%) in nine studies.
The pooled rate was 78.3%. The analysis also showed a highly significant positive effect
of higher EQD?2 (equivalent dose at 2 Gy per fraction) on pain relief. In contrast, the only
study in which cases of gastric perforation were reported was that in which the highest
doses of SBRT were administered. The result of this analysis indicates that for palliative
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intent, very high doses of SBRT may have a detrimental effect, whereas intermediate doses
appear to be more effective than low doses.

4.3. MR Linac-Based Radiotherapy

The studies described above suggest that SBRT is associated with improved clinical
efficacy and toxicity profiles compared to conventional radiotherapy techniques. Further
dose escalation to the tumor is limited by poor soft tissue visualization on computed
tomography imaging during radiation planning and treatment delivery. Magnetic reso-
nance guided tomography (MRgRT) techniques [95] have been introduced to improve the
quality of imaging and allow for treatment plan adaptation and reoptimization prior to
administration of each fraction. Stereotactic MR-guided adaptive radiotherapy (SMART)
is a technique combining X-ray beam delivery, daily adaptive treatment planning, and
gating/tracking capability using continuous cine MR images. It is expected to constitute
the gold standard for future treatment of not only pancreatic cancer but also cancer at many
other sites [96,97].

In a non-randomized study, Heerkens et al. [98] evaluated the feasibility of MR guid-
ance with SBRT as safe, with no cases of grade > 3 acute or late toxicity. Rudra et al. [99]
investigated the use of MRgRT with standard and high-dose SBRT and demonstrated
that dose escalation in PDAC treatment is feasible. Patients treated with the high dose
(40-52 Gy) had a significantly higher survival rate than those in the standard-dose group
(30-35 Gy). There was no incidence of severe toxicity in the higher-dose group, with all
cases of grade > 3 gastrointestinal toxicity reported in the standard-dose group. A study
by Luterstein et al. [100] yielded similar results. A patient with clinical stage IIl LAPC was
irradiated with a high BED dose of 72 Gy after chemotherapy and achieved LC 16 months
after irradiation without significant side effects or toxicity. In addition, a multi-institutional
study by the American Society for Radiation Oncology suggested that adaptive regimens
that allow for safe delivery of BED > 70 Gy may achieve higher OS rates than BED < 70 Gy
without increasing toxicity [91].

A recent prospective study by Michalet et al. [101] demonstrated the dosimetric benefit
of MR-guided radiotherapy for pancreatic tumors. Thirty patients were treated with a
mean dose of 50 Gy. No patient experienced grade > 2 acute toxicity. The most common
grade 1-2 toxicities were asthenia, abdominal pain, and nausea. With a median follow-
up of 9.7 months, the median OS, 6-month OS, and 1-year OS were 89%, 75%, and 75%,
respectively. SMART treatment for pancreatic cancer is feasible without limiting toxicity.
Daily adaptation demonstrated benefit in terms of tumor coverage and OAR savings.

5. Conclusions

New evidence suggests that SBRT plays an important role in the treatment of PC.
Unlike conventional radiotherapy, which has no potential to further improve the overall
survival of patients with localized pancreatic cancer, SBRT offers several benefits, including
higher BED (biological equivalent dose), reduced volume of irradiated healthy tissue, and
shortened overall treatment time. Studies published to date show that the combination
of SBRT with new chemotherapy regimens has a significant potential to shift patient
survival from months to years. The next step will probably be the widespread use of linear
accelerators in combination with magnetic resonance—MR-linacs.

Approximately half of all patients with PC will subsequently experience locoregional
recurrence. Clinical trials exploring new treatment paradigms for PC including stereotactic
body radiation therapy are recommended by international consensus guidelines. Ongoing
studies using SBRT in the therapy of pancreatic cancer are listed in Table 3.
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4.3. Toxicita SBRT gastrointestinalnich nddori

Po SBRT se mize u pacientli s chronickym onemocnénim jater, jako je cirh6za nebo
hepatitida, rozvinout netypické radia¢ni poskozeni jater, projevujici se piechodnym zvySenim
jaternich enzymt, ascitem a poklesem funkce. Riziko je vysSi u pacientl s hepatocelularnim
karcinomem (HCC), kde az 30 % pacientll zaznamendva zhorSeni Child-Pugh skore do tii
mésict po 1écbe (174,187). Studie ukazuji, ze kromé primérné davky na jatra (MLD) hraje roli
i objem zdravé tkané vystavené nizkym davkam (188). Ozafeni v oblasti jaterniho hilu muze
vést k biliarni obstrukci a strikturam, pfic¢emz odliSeni toxicity od progrese je obtizné (189).

Pti SBRT karcinomu slinivky zlstava hlavnim problémem gastrointestinalni toxicita,
zejména duodendlni viedy a striktury. Jednordazova SBRT byla spojena s toxicitou stupné >2
azu 47 % pacientl, zatimco rozdéleni davky do péti frakei ji snizilo na 11 % (190). Vysledky
MRI adaptivni radioterapie ve studii SMART potvrdily piijatelnou toxicitu stupné >3 u 8,8 %
pacientt (210). Pti dodrzeni limiti pro rizikové organy je mozné SBRT bezpe¢né aplikovat,

I kdyz to nékdy vyzaduje kompromis v pokryti PTV pozadovanou davkou.

Tabulka ¢. 7: SBRT GIT nadora — davkové limity (3 a 5 frakei) (50,158,159)

3 frakce 5 frakci grade 23
Jatra NE-cirhotické D 700 cm® 19,2 Gy 21 Gy .
terni funk
nebo CP A D mean 15 Gy 18 Gy Jaterni funkee
D 700 cm3 -
Jatra CP B cm 15 Gy jaterni funkce
D mean - 10 Gy
Zlugovod D max - 50 Gy obstrukce, fistula
. D max 22,2 Gy 32 Gy .
Zaludek D 10 cm? 165 Gy 18 Gy ulcerace / fistula
D max 22,2 Gy 32 Gy
Duodenum** D5cm? 16,5 Gy 18 Gy ulcerace
D 10 cm? 11,4 Gy 12,5 Gy
D max 25,2 Gy 35 Gy enteritida /
tfevo tenké**
Stievo tenke D 5 cm? 17,7 Gy 19,5 Gy obstrukce
D max 28,2 Gy 38 Gy - .
Strevo tlusté** kolitida / fistula
reve TSt D 20 cm® 24 Gy 25 Gy
D max 28,2 Gy 38 Gy - .
Rektum roktitida / fistula
D20cm? 24 Gy 25 Gy )
. D mean - 10 Gy .
Ledvin ledvinné funk
viny D 200 cm3 16 Gy ) cavine ce

Zkratky: D = davka, V = objem, Gy = Gray, CP = Child Pugh skére, D mean = stfedni davka,
D max = maximalni davka, ** vyhnout se ozafeni celého obvodu, D max je ddvka v 0,035 cm?.
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Pti dodrzeni vSech davkovych toleran¢nich limitt je vyskyt nezddoucich ucinkl velmi

nizky. Piesto se Ize setkat jak s akutni, tak pozdni toxicitou.

Casn4 akutni toxicita (< 6 tydnt):

- unava — obecny nezadouci efekt, trvala inava muze souviset s komorbiditami pacienta,

- nevolnost a zvraceni — mohou nastat okamzité nebo po né€kolika hodinach od ozafeni.

Pozdni toxicita (> 6 tydnu):

- dyspepsie, kiece a prijmy — jsou zpusobené poskozenim sliznic a mohou Vvést
k porucham vyzivy a malabsorpci, v delsim ¢asovém horizontu ke krvaceni, pistélim
a perforacim,

- fibroza stievnich stén — muze vést ke srustim a obstrukcim,

- hypofunkce slinivky a nadledvin — s nutnosti doplnéni jejich exogenni funkce,

- radia¢né-indukované poskozeni jater (RILD):
e obvykle vznika béhem 3 mésicli od ozafeni a miize vést k selhani jater,

e klasicka forma je spojena s anikterickou hepatomegalii, ascitem a zvySenim
alkalické fosfatazy v dlisledku okluze a znic¢eni centrdlnich zil se sekundarni nekrézou
jaternich bunék,

e atypicka forma nema klasické ptiznaky, je spojena s elevaci transaminaz nad
pétindsobek horni hranice nebo se zhorSenim skore Child-Pugh o 2 nebo vice.

4.4, Sledovani pacienti

Nésledné sledovani pacienti béhem a po ukonceni ozafeni musi byt provadéno podle
zavedenych standardl. Kontroly, zahrnujici CT ¢i PET/CT, klinické vysetfeni, zdkladni odbéry
a doplnkova vySetieni (jaterni funkce, markery atd.), jsou doporuc¢ovany v prvnich dvou letech
kazdé 3—4 mésice, v dalsich tfech letech po ptl roce a nasledné jednou ro¢né.

Hodnoceni se ma fidit RECIST kritérii, nicméné je komplikovano rozvojem
postradia¢nich zmén v okoli ozateného objemu (napt. CT hypodenzita jaterniho parenchymu
V ozafeném terénu). Odliseni ptipadné recidivy v této oblasti je obtizné. Na moznost recidivy
onemocnéni je nutné myslet, pokud dochéazi v casném obdobi (< 12 mésicit) k narhstu velikosti
a aktivity ozafené léze nebo se v del§im ¢asovém odstupu (> 12 mésicll) objevi nova aktivni
loziska. Takové situace jsou indikaci k casné CT/PET kontrole, biopsii nebo chirurgickému

zakroku.
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5. Primarni nadory panve a retroperitonea

5.1. Primarni nadory prostaty

Kromé prostatektomie a brachyterapie je zevni radioterapie (EBRT) standardni 1é¢bou
lokalizovaného karcinomu prostaty. Konvenéni rezim zahrnuje celkovou davku 74-81 Gy
ve 3745 frakcich (1,8-2 Gy na frakci). Diky technologickému pokroku se vSak stdle castéji
vyuziva hypofrakcionace, kdy vyssi jednotlivé davky umoziiuji zkratit celkovou dobu 1écby.

Relativné pomalé proliferace bunék karcinomu prostaty se odrazi v nizkém poméru o/,
ktery se obvykle uvadi v rozmezi 1 az 4 (211,212). Tento pomér je kliCovym radiobiologickym
parametrem urcujicim citlivost bun¢k na ionizujici zafeni. Protoze je pomér o/ff u bunék
karcinomu prostaty podobny nebo niz$i nez v okolnich rizikovych tkanich (rektum, mocovy
meéchyt), akcelerované rezimy umoziuji zkraceni 1écby bez zvySeni rizika pozdni toxicity
pii zachovani srovnatelné u¢innosti.

Hypofrakcionace je definovana jako zevni ozareni davkami mezi 2,4 a 3,4 Gy na frakci
aje podle NCCN preferovanym rezimem pro pacienty s nizkym az vysokym rizikem karcinomu
prostaty (213). Toto doporuéeni vychazi z multicentrickych studii, které porovnavaly
konven¢ni EBRT s hypofrakcionaci (11,214-217). Nejcastéji pouzivané rezimy zahrnuji
celkovou davku 60 Gy ve 20 frakcich, 70 Gy ve 28 frakcich, 70,2 Gy ve 26 frakcich a 64,6 Gy
v 19 frakcich.

Stereotaktickd radioterapie (SBRT), pifi 1é€bé nadort prostaty také nazyvana
ultrahypofrakcionace, je definovana jako zevni ozafeni prostaty davkami vy$§imi nez 5 Gy
na frakci, aplikovanymi ve 4-7 frakcich (218). Vzhledem k moznému riziku poskozeni
okolnich tkéani doporuc¢uje NCCN jeji pouziti pouze na pracovistich s odpovidajici technologii
a zkusSenostmi. Bez piesné obrazové navigace — stejné jako u jinych nadorovych lokalit — nelze
lé¢bu vysokymi jednotlivymi davkami bezpeéné provadét. Indikace SBRT u karcinomu
prostaty se fidi nékolika doporu¢enimi (213,218,219). Smérnice ASTRO/ASCO/AUA
doporucuji SBRT pro pacienty s nizkym a stifednim rizikem, zatimco NCCN ji uvadi jako
moznost pro vSechny rizikové skupiny.

Standardem je vyuziti lokaliza¢nich zrn k pfesnému zaméfeni a on-line korekci polohy
cilového objemu piimo pfi ozafovani (tracking). Zavadi se minimalné tii zlata zrna 1 — 2 tydny
pied planovanim radioterapie (2 na bazi, 1 na vrchol prostaty). Pii simulaci je nezbytné
vyprazdnit konec¢nik (klyzma), naplnit mocovy méchyt (definované mnozstvi tekutiny)

a pacienta fixovat v pohodiné poloze ve vakuové dlaze ¢i stereotaktickych pomitckach.
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Nutnosti je provedeni planovacitho MR vySetfeni. Naplih mocového méchyie a vyprazdnéni
rekta je nutné dodrzet pii kazdém ozafeni (220).

Ozateni je provadéno za obrazové kontroly spravného nastaveni pacienta, resp. spravné
polohy prostaty v pribéhu samotného ozafeni. Roboticky systém CyberKnife vyuziva RTG
zobrazeni zavedenych zrn v redlném case pomoci kV rentgenové skiaskopie, kterd dokaze
zachytit odchylky v jejich lokalizaci béhem frakce zafeni. Linearni urychlovace disponuji CT
S konickym svazkem (CBCT), které umoznuje trojrozmérné zobrazeni prostaty a okolnich
struktur. Moderni urychlovaée mohou kombinovat obé metody - 3D obraz skV snimky
zobrazujicimi zavedenad lokalizaéni zrna, poptipad¢ specialni transpodéry, které vysilaji vlastni
signal bez piidatné radia¢ni zatéze (napf. Calypso systém) (221). Pokud se béhem 1é¢by jejich
poloha dostane mimo nastavené limity, je svazek zafeni automaticky zastaven. Ke snizeni rizika
rektalni toxicity lze také mozné pouzit transperinealné aplikovany gel, ktery docasné oddali
sténu konec¢niku od prostaty (222).

V soucasnosti je k dispozici fada klinickych studii porovnavajicich stereotaktickou
a konvenc¢né frakcionovanou radioterapii. Vysledky studii s medianem sledovani az Sest let
ukazuji, Ze SBRT poskytuje vynikajici biochemickou kontrolu onemocnéni a srovnatelnou
toxicitu (mocovy méchyft, rektum, kvalita Zivota) oproti standardnim technikdm zafeni.

Studie faze III PACE-B porovnavala konvencni radioterapii (78 Gy ve 39 frakcich nebo
62 Gy ve 20 frakcich) se stereotaktickou radioterapii (36,25 Gy v 5 frakcich) u 874 pacientii
s lokalizovanym karcinomem prostaty nizkého a stfedniho rizika (232-234). Po 74 mésicich
sledovani nebyl mezi obéma rameny prokazan vyznamny rozdil v biochemické ani klinické
kontrole onemocnéni. Pétileté pieziti bez relapsu dosahlo 95,7 % ve skupiné SBRT oproti
94,6 % v kontrolnim rameni. Pozdni toxicita stupné >2 podle RTOG byla v obou skupinach
srovnatelna, pficemz pozdni GU toxicita byla ve skupiné SBRT mirn¢ vyssi, avSak celkovy
pocet téchto udalosti zlstal nizky. Autofi studie dospéli k zavéru, ze SBRT v péti frakcich
je stejné ucinna jako konvencni radioterapie, pficemz zkracuje dobu lécby a snizuje pocet
navstév pacientll. Po Sesti letech sledovani se SBRT jevi jako bezpe¢nd a efektivni alternativa,
ktera by se mohla stat novym standardem péce u pacientll s nizkym a stfednim rizikem

karcinomu prostaty.
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Tabulka ¢. 8: Prospektivni studie a metaanalyzy se SBRT v 1é¢bé ca prostaty (223-231)

Studie, rok

Kingetal., 2012

Loblaw et al.,
2013, faze I/11

D’Agostino et al.,
2016, faze Il

Hannan et al.,
2016, faze /11

Katz et al., 2016,
faze 11

Meier et al.,
2016, faze Il
Jackson et al.,
2019,
metaanalyza
Kishan et al.
2019, kohortova
studie

Widmark et al.,
2019, HYPO-RT-
PC, faze 111

Van As N et al.
2023, PACE-B,
faze 111

Zkratky: Gy = Gray, FU = follow-up v letech, Gl = gastrointestinalni, GU = genitourinarni, N.A.= neuvedeno, L = low risk,

Pacienti

45

84

90

91

515

309

6116

2142

S: 598
C: 602

S: 433
C: 441

Davka,
frakce

36,25 Gy
5 frakci
35 Gy
5 frakci

35 Gy
5 frakci

45-50 Gy
5 frakci

35-36,25 Gy
5 frakci

36,25 Gy
5 frakci

36,25 Gy
5 frakci

33,5-40 Gy
4-5 frakci

S: 42,7 Gy
7 frakci
C: 78 Gy
39 frakci

S: 36,25 Gy
5 frakci
C. 78 Gy
39 frakci

nebo 62Gy
20 frakci

FU

2,7

4,6

2,3

4,5

51

3,3

6,9

6,2

Efekt
94% (low +
intermediate risk)
98%

100% (low risk)
94.5%
(intermediate)

98.6%

93% (low risk)
84% (intermediate)
65% (high risk)

97,1% (5 let)
95,3% (5 let)
93,7% (7 let)

95,5% (low risk)
89.8%
(intermediate)

S: 84%
C: 84%

S:957%
C: 94,6%

| = intermediate risk, S = stereotakticka radioterapie, C = konven¢ni radioterapie.

Tabulka ¢. 9: Davkové limity pii SBRT prostaty (235)

Pozdni GI
toxicita

16% G1-2
0% G3

1%

0%

6.8%

4% G2
0% G3

2% G2
0% G3

1,1%

0,4%

S: 1%
(grade >2)
C: 4%
(grade >2)

S:0,3%
(grade >2)
C:0,3%
(grade >2)

Pozdni GU
toxicita

28% G1-2
3% G3

1%

0%

6%

9% G2
3% G3

12% G2
0% G3

2%

2,4%

S: 5%
(grade >2)
C: 5%
(grade >2)

S:5,5%
(grade >2)
C:3,2%
(grade >2)

Limit pro S frakei Optimalni Pripustny
D 50% - <18,1Gy
Rektum D 20% - < 29Gy
D lccm - < 36Gy
Mocovy méchyi D 40% - <18,1Gy
V 37Gy <5cem <10 ccm
Mgéoyé trub’ice D 50% < 42Gy i
(je-li patrna)
Nervoveécévni
svazek D 50% - < 38Gy
(je-1i patrny)
Kloubni hlavice D 5% - < 145Gy
Bulbus penis D 50% - <29,5Gy
2 s D 5 ccm = <18,1G
Tenké stievo D 1 cem < 30ny

Zkratky: D = davka, V = objem, Gy = Gray, ccm = kubicky centimetr.
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Na zaklad¢ velkého mnozstvi pfedchozich nekomparativnich studii byla SBRT
formaln€ uznana jako standardni IéCba lokalizovaného karcinomu prostaty, coz potvrzuji i ¢etna
doporuceni, naptiklad NCCN. V nadchézejicich letech by mély dalsi klinické studie, véetné
rozsahlé faze III studie NRG GU-005 (SBRT s davkou 36,25 Gy ve 5 frakcich a presnéj$imi

planovacimi kritérii), tato data dale posilit a pfispét k SirSimu pfijeti této lécebné metody.

5.2. Priméarni nadory ledvin

Chirurgie zastavd metodou volby v 1é€bé rendlniho karcinomu (RCC). Parcialni
nefrektomie miZze u vhodné vybranych pacientli s malymi nddory dosahnout srovnatelnych
vysledkil jako radikalni nefrektomie a je obzvlasté cennd u pacientl s jedinou ledvinou nebo
snizenou funkci ledvin (236-241). Mnoho pacientd vSak kvuli celkovému zdravotnimu stavu
a cetnym komorbiditdm chirurgicky zdkrok podstoupit nemize. U téchto pacientl, ktefi
potfebuji kurativni 1écbu, ale nejsou schopni absolvovat resekci, se vyuzivaji minimalné
invazivni ablativni metody, jako je radiofrekvencni ablace, tepelna ablace nebo kryoterapie
(242-246).

Renalni karcinom (RCC) byl historicky povazovéan za radiorezistentni nador, a proto
se konven¢ni radioterapie v jeho 1é¢bé vyuzivala jen minimalné (247). PouZzivala se predevsim
jako paliativni terapie metastatickych 1¢zi, coZ se vSak v poslednich letech za¢alo ménit. Nové
vysledky (viz tabulka) ukazuji, ze vysoké davky aplikované pii SBRT mohou radiorezistenci
prekonat a mit kurativni potencial. Soucasné technologicky pokrok umoznil nejen presné
zacileni davky, ale také kompenzaci pohybii samotné ledviny i jejiho radiosenzitivniho okoli.
Obrazova navigace, at uz pomoci CBCT nebo magnetické rezonance (MRI) na MRI-
navadéném linearnim urychlovaci (MR-LINAC), se stala nedilnou soucasti této 1€cby.

Siva et al. publikovali v roce 2022 analyzu, ktera se stala zakladem pro dalsi sméfovani
SBRT v 1é¢bé renalniho karcinomu (256). Studie zahrnovala 190 pacientt, ktefi mezi lety 2007
a 2018 podstoupili SBRT pro primarni RCC na 12 pracovistich po celém svété. Ve studii bylo
75 % pacientli povaZovano za inoperabilni, 29 % mélo pouze jednu ledvinu a jen 16 % mélo
normalni ledvinnou funkci. Celkem 42,6 % pacientl podstoupilo jednorazové ozéateni (median
davky 25 Gy, BEDiwo = 87,5 Gy), zatimco ostatni absolvovali frakcionovanou SBRT ve 2—-10
frakcich (median davky 42 Gy, BED1o = 96,0 Gy).
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Toxicita stupné¢ 1-2 byla zaznamendna u 37 % pacientl, pficemZ nejcastéjSimi
nezadoucimi G€inky byly unava (27 %) a nauzea (13 %). Nebyl zjistén Zadny rozdil v mife
toxicity stupné > 2 mezi jednordzovou a frakcionovanou SBRT. Zavazna gastrointestinalni
toxicita stupné > 3 byla pozorovana pouze u jednoho pacienta. Ledvinné funkce zlstaly
po SBRT stabilni u 80 pacientl (48 %), u 78 (47 %) doslo ke zhorseni a u 9 (5 %) ke zlepSeni.

Lokalni kontrola (LC) po 5 letech sledovani dosahla 94,5 %. LepSiho vysledku bylo
dosazeno po jednorazovém ozateni, prestoze BEDio byl ve skupiné¢ s frakcionovanou
radioterapii mirn¢€ vyssi. LC nebyla u rezimt s niz§im BED:o signifikantn¢ horsi. Vyznamné
lepsi preziti bez progrese onemocnéni (PFS) bylo rovnéZz zaznamenano u jednordzovych
rezimi. Pétileté specifické pteziti (CSS) dosdhlo 92 % a nebylo ovlivnéno poctem frakei.
Celkem 164 (86 %) pacientl zlstalo bez zndmek onemocnéni, pficemz u 4 (2 %) pacientd byl

prvni relaps lokalni, u 14 (7 %) vzdaleny a u 8 (4 %) kombinovany.

Tabulka ¢. 10: Lokalni kontrola a toxicita v klinickych studiich se SBRT v 1é¢bé RCC (248-
255)

FU Lokalni

Studie, rok Pacienti  Davka, frakce " Toxicita
(mésice) kontrola
. 40 Gy/ 5frakci 0 Grade 1-2
Beitler et al., 2004 9 42 Gy/ 6frake 26,7 100% 33%
24-48 Gy 0
Teh et al., 2007 2 3-6 frakei 9 100% N.A.
30 Gy/ 3frakce o Grade 1-2
Svedman et al., 2008 7 40 Gy 4frakce 39 86% 58%
Grade 1-2
Siva et al., 2012 16-72 Gy 0 20-89%
(review) 126 3-16 frakci 9-57.5 80-100% Grade 4
10%
25 Gy o Grade 1
Staehler et al., 2015 40 1 frakee 28 98% 15%
Siva et al., 2018 14-70 Gy i 97,8% eGFR
(pooled analysis) 223 I-10 frakci 20-120 (2 roky) -5.5%
Grade 4-5
F””ayggzg el 10 i%’éif‘i’ 48 100%  20% (solitarni
¢ ledvina)
Grade 3-4
Correacetal., 2019 15-70 Gy 0 1.5%
(review) 372 I-10 frakci 6-89 97,2% eGFR
-7,7 ml/min

Zkratky: Gy = Gray, Gl = gastrointestinalni, GU = genitourinarni, N.A.= neuvedeno, L = low risk, | = intermediate
risk, S = SBRT, C = konven¢ni radioterapie.

46



Stereotakticka radioterapie, jako nejméné invazivni modalita v 1é€bé primarniho RCC,
poskytuje vysokou miru lokalni kontroly a ptiznivy toxicky profil. K jejimu Sir§Simu zatazeni
do bézné klinické praxe bude zapotiebi vice studii, nicméné diky slibnym vysledkiim je tato
metoda povazovana za cennou alternativu pro pacienty, u nichz jsou jiné terapeutické piistupy
pfilis rizikové, nebo pro ty, ktefi maji jen jednu ledvinu ¢i chronické onemocnéni ledvin a chtéji
se vyhnout vysokému riziku dialyzy po nefrektomii.

Pro spravné sledovani pacientti a hodnoceni u¢innosti SBRT u primarnich naddorti ledvin
je nezbytné porozumét velmi pomalé regresi nddoru v cCase, kterd muze byt mylné
interpretovana jako nedostate¢na odpoveéd’ na 1é¢bu (257). Pomalejsi tstup nadoru po SBRT
je typickym znakem RCC a casto vede k chybnému dojmu, ze nador je rezistentni
na radioterapii. Otazka biopsie v prvnim roce po SBRT je rovnéz diskutabilni. Pozitivni
vysledek sice potvrzuje pritomnost zivotaschopnych bunék, ale ty nemusi byt klonogenni (258).
Biopsie po SBRT by proto méla byt provedena pouze tehdy, pokud zobrazovaci metody prokazi
progresi podle RECIST kritérii, pfi¢emz patologicka progrese by méla byt potvrzena expresi
Ki-67 v nadorovych buiikach (259).

Do budoucna se jako velmi slibnd moznost jevi kombinace SBRT s imunoterapii. Jiz
nyni je pii 1é¢bé nadort ledvin pozorovan tzv. abskopalni efekt, kdy dochazi k regresi
nadorovych 1€zi i v neozafenych oblastech v disledku zvysené exprese nadorovych antigenii
a aktivace imunitniho systému prostiednictvim interakce mezi dendritickymi a T-lymfocyty po
ozafovani (260). Tento efekt miize byt zesilen jedinou aplikaci vysoké davky zafeni, jak je tomu
u SBRT, pravé diky zvySené produkci nadorovych antigend (261). Dalsi posileni tohoto Gi¢inku
lze ocekéavat pii soucasném podani imunomodulaénich 1é¢iv, napiiklad nivolumabu —

monoklonalni protilatky proti inhibitoru imunitniho kontrolniho bodu PD-1 (262).
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6. Oligometastatické onemocnéni

Oligometastatické onemocnéni (OMD) je koncept, ktery byl poprvé piedstaven v roce
1995 Hellmanem a Weichselbaumem na zéklad¢ pozorovani vzorct Sifeni karcinomu prsu
(263). OMD predstavuje prechodny stav mezi lokalné pokrocilym a polymetastatickym
onemocnénim, jehoz 1écba miize vést k dlouhodobému preziti bez ptiznakid nemoci, nebo
dokonce k vyléCeni. V ramci klinickych studii byly kromé standardni péce a systémové
chemoterapie testovany ruzné lokalni lécebné piistupy, naptiklad resekce, radiofrekvencni
ablace, kryoablace nebo radioterapie (264,265).

V ramci sjednoceni diagnostickych a klasifikacnich kritérii vytvofily Evropska
spole¢nost pro radioterapii a onkologii (ESTRO) a Evropska organizace pro vyzkum a 1écbu
rakoviny (EORTC) konsenzualni klasifikaci OMD (266). Tento systém rozdéluje OMD
do deviti kategorii na zakladé péti kliovych otazek, pti¢emz zakladnim kritériem je rozdil mezi
pravym (genuine) a indukovanym (induced) OMD. Pravé OMD je charakterizovano absenci
piedchozi anamnézy polymetastatického onemocnéni (PMD), zatimco indukované OMD
se vyskytuje u pacientt, ktefi jiz s PMD uspésné v minulosti bojovali.

Pravé OMD lze dale rozdé¢lit na de novo a opakované (repeat). De novo OMD zahrnuje
pacienty, kteti dosud oligometastazy neméli, a lze jej dale klasifikovat jako synchronni nebo
metachronni. Synchronni OMD se objevuje do Sesti mésict od stanoveni diagnozy primarniho
nadoru, zatimco metachronni OMD se objevuje po delsi dobé. Opakované OMD zahrnuje
pacienty s predchozi anamnézou oligometastaz.

Metachronni, opakované a indukované OMD lze dale rozdélit na oligorekurenci,
oligopersistenci a oligoprogresi, v zavislosti na tom, zda pacient podstupuje chemoterapii a zda
pfini jeho onemocnéni progreduje. Oligorekurence oznacuje situaci, kdy se onemocnéni znovu
objevuje po predchozi 1€¢bé, oligopersistence znamena pietrvavajici metastazy pii probihajici
terapii a oligoprogrese nastava v piipad¢€, Zze onemocnéni i pies 1écbu postupuje.

Prognoza a optimalni strategie 1écby se mohou lisit podle konkrétni kategorie OMD.
Tento mezinarodni konsenzus se postupné stava Siroce piijimanym a slouZi jako zaklad
pro budouci terapeutické ptistupy.

NejcastéjSimi  primarnimi  nddory, spojenymi s vyskytem oligometastaz, jsou
kolorektalni karcinomy, nemalobuné¢né karcinomy plic, karcinomy prsu, ledvin a sarkomy
meékkych tkani. Pfesné incidence oligometastatického postiZzeni neni znama, ale rostouci vyuZiti

PET/CT a dalsich pokrocilych diagnostickych metod umoziuje ¢astéji detekovat a vcas 1é¢it
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asymptomaticka loziska. Oligometastazy se nejCastéji vyskytuji v plicich, jatrech, kostech,
nadledvinach a lymfatickych uzlinach riznych oblasti. Jak potvrzuji chirurgické studie, pétileté
pieziti po resekcich plicnich nebo jaternich metastdz se pohybuje v rozmezi 25 az 50 %,
pricemz 15 — 20 % takovych pacientl pteziva dlouhodobé.

Stereotaxi l1ze pti 1écbe oligometastatického postizeni indikovat pokud jsou splnéna tato
zakladni kritéria: stabilizace primarniho nadoru, nejvySe pct metastaz, dobry celkovy stav

pacienta (ECOG < 2) a minimaln¢ tfimési¢ni pfedpokladana doba pteziti.

Vysledky SBRT u oligometastatického onemocnéni miize ovlivnit (267,268):

o Davka zateni: lepsi efektivita byla prokdzana u davek s BED10 > 100 Gy,

o Velikost lozisek: 1épe 1ze ovlivnit 1éze mensi nez 3 cm,

e Piedchozi 1écba: vice linii chemoterapie ¢i vétSi pocet lokalnich ablaci snizuje
efektivitu,

e Histologie: za radiosenzitivni jsou povazovany metastazy z prsu, plic ¢i pankreatu,
naproti tomu metastazy melanomu, neuroendokrinnich tumorti ¢i kolorektalnich

adenokarcinomu jsou radiorezistentni.

V poslednich letech byla publikovéna tada studii (viz dale v textu), které potvrzuji
vynikajici efekt SBRT pii 1é¢bé oligometastaz a jeji minimalni vedlejsi u¢inky. Tento efekt byl
potvrzen také u nadort, které jsou obecné povazovany za radiorezistentni. Ve studiich byla
dvouleta lokalni kontrola pfiblizn¢ 80 %, pteziti bez piiznaki nemoci po 2—3 letech kolem 20 %
a celkové preziti po 2—3 letech mezi 25-40 %. Ptestoze u fady pacientii po ablaci oligometastaz
dochazi k progresi zakladniho onemocnéni, SBRT miZze tuto progresi oddalit nebo odlozit
nasazeni toxické systémové terapie (264,265,269).

Recentni multicentricka randomizovana studie faze II SABR-COMET (Stereotactic
Ablative Radiotherapy versus Standard-of-Care Palliative Treatment in Patients with
Oligometastatic Cancers) prokazala jednozna¢ny benefit SBRT oproti standardni paliativni
16¢bé u oligometastatickych pacientd (269,270). Studie se zaméfila na pacienty s OMD
pochézejicim z riznych primarnich nadori, véetné karcinomu prsu, kolorektalniho karcinomu,
karcinomu plic, prostaty a dalSich. Do studie bylo zatazeno celkem 99 pacientd, z nichz
66 podstoupilo 1é€bu SBRT a 33 bylo léceno standardni paliativni terapii. Dlouhodobé
vysledky byly publikovany po 7,6 letech sledovani. Mezi nejcastéji pouzivané frakcionacni

rezimy v této studii patfily 35 Gy v péti frakeich (31 %), 60 Gy v osmi frakeich (15 %) a 54 Gy
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ve tfech frakcich (13 %), coz odpovida ddvkovacim schématiim bézn€ pouzivanym i v jinych
studiich.

Osmileté celkové pteziti (OS) dosahlo ve skupiné SBRT 27,2 % oproti 13,6 %
Vv kontrolni skupiné (p = 0,008). Preziti bez progrese onemocnéni (PFS) po osmi letech bylo
v rameni se SBRT 21,3 %, zatimco v kontrolnim rameni doslo k progresi u vSech pacientii
(p <0,001). Nezadouci u¢inky stupné > 2 se vyskytly u 30,3 % pacientt 1é¢enych SBRT oproti
9,1 % v kontrolni skupiné (p = 0,019). Skoére kvality zivota podle FACT-G klesalo v prib¢hu
¢asu v obou skupinach, avSak nebyl mezi nimi zji§tén statisticky vyznamny rozdil. Celkové
vyuziti systémové terapie bylo srovnatelné, nicméné pacienti ve skupiné se SBRT podstupovali
cytotoxickou chemoterapii méné Casto (33,3 % vs. 54,6 %, p = 0,043). Lé€ba OMD zahrnujici
SBRT piinasi dlouhodobé zlepseni OS a PFS, pfiCemz ani pii delSim sledovani nebyly
zaznamenany zadné nové zavazné toxicke tcinky. Vyznamnym zjisténim je, Ze vice nez pétina
pacientil (21,3 %) zije pii vyuziti SBRT déle nez pét let bez jakychkoli zndmek onemocnéni.

Hodnoceni ucinnosti SBRT podle lokalizace metastdz je dilezit¢é pro vyvoj
specializovanych 1écebnych technik a metod fixace. Kvili rozdilné povaze primarnich nadora
je vsak obtizné presné urcit i€innost SBRT u rtiznych typh rakoviny. Pfehlednéjsi vysledky
lokalni 1éCby lze ziskat, pokud jsou oligometastatické naddory rozdéleny podle histologického
typu, podobné jako v tzv. basket studiich pouzivanych v klinické onkologii. V soucasnosti jiz
existuji data o u€innosti SBRT u oligometastaz pochazejicich z riznych primarnich nadord,
predevsim plic, prsu a prostaty (271-276).

Randomizovana studie faze II SABR-COMET tak prokazala, ze zafazeni SBRT
do 1é¢by oligometastatickych pacientll vede k lepSimu celkovému preziti (OS) i pieziti bez
progrese onemocnéni (PFS) (270). I kdyz se SBRT stava soucasti bézné klinické praxe, jeji
ucinnost dosud nepotvrdila Zadna studie faze III. V soucasnosti probihaji dvé randomizované,
multicentrické studie faze III, které na tuto problematiku navazuji. Studie SABR-COMET-3
ma za cil zhodnotit efektivitu SBRT u pacientt s 1 az 3 metastatickymi lozisky (277). Do roku
2028 by mélo byt zafazeno celkem 298 pacientli. Dalsi studie se stejnym konceptem, SABR-
COMET-10, se lisi pouze vys$s$im po¢tem metastaz (278).

Kontroly ozafenych pacientt zahrnuji CT, MR nebo PET/CT, klinické vySetieni,
zakladni laboratorni odbéry a dopliikova vysetfeni podle ozafené lokality (spirometrie, jaterni
funkce, ledvinné funkce, neurologické vySetieni atd.) a jsou doporucovany v prvnich dvou
letech kazdé¢ 3—4 mésice, v dalSich letech pak kazdych 6—12 mésich. Prvni zobrazovaci
vySetieni se zpravidla provadi s odstupem alesponi 2—3 mésicii od ukonceni ozafeni, aby bylo

mozné objektivné posoudit 1écebnou odpovéd’. Pii dlouhodobém sledovani je nutné zvazit
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pfinos Castych vySetieni pro v€asnou diagnostiku navratu choroby oproti jejich potencidlnimu
stresujicimu vlivu na pacienty. Samoziejmosti je pecClivé informovani pacientli o moznych
pozdnich rizicich ozateni a jejich feSeni (pneumonitida, zhorSeni jaternich funkci, GIT toxicita,

neurotoxicita atd.).

6.1. Oligometastazy plic a jater

Plice a jatra patii mezi nejCastéjsi lokality metastatického Sifeni riiznych primarnich
nadord. Metastazektomie zlstava zlatym standardem 1écby resekabilniho onemocnéni. Jak
ukazaly chirurgické studie, pfiblizné Ctvrtina pacienti po resekci plicnich ¢i jaternich
oligometastdz pieziva dlouhodobé. Rada pacientii viak operaci podstoupit nemiZe nebo
nechce. Proto se stale cCastéji objevuji studie zaméfené na uUCinnost SBRT pii 1é¢bé
metastatického postiZeni plic a jater. Tato metoda se zvazuje zejména u pacientl s ptiznivymi
prognostickymi faktory, jako je mladsi vék, dobry celkovy stav, pomalu progredujici nadorova
biologie nebo piitomnost specifickych mutaci umoziujicich cilenou 1é¢bu.

Stale rostouci mnozstvi klinickych dat potvrzuje bezpe¢nost SBRT, jeji dobrou toleranci
a vysokou miru lokélni kontroly. Uspé$na SBRT plicnich metastdz vyzaduje komplexni piistup,
ktery zahrnuje zohlednéni pohybu nadoru i pacienta, velikost a lokalizaci metastaz, funk¢ni stav
plic a anamnézu piedchozi hrudni chirurgie ¢i radioterapie. Precizni planovani terapie
s ohledem na tyto faktory je nezbytné pro minimalizaci toxicity a dosazeni optimalnich
l1écebnych vysledkd.

Pfi indikaci SBRT pro oligometastatické onemocnéni je nutné zvazit velikost nadoru,
jeho lokalizaci a blizkost kritickych organti (OAR), aby pacient obdrZel jasné informace
0 ocekavanych ptinosech, rizicich a délce 1é€by. Periferni plicni 1éze men$i nez 5 cm
se nejéastéji ozafuji davkami 54 Gy ve 3 frakcich nebo 40-50 Gy v 5 frakcich. U velmi
perifernich 1ézi je diilezité dodrzet ddvkové limity pro hrudni sténu, a pokud jejich ptekroceni
nelze zabranit, musi byt pacient o moznych rizicich fadn€¢ informovan. Nadory proristajici
do hrudni stény se zpravidla metodou SBRT neozatuji (291).

U centralnich 1ézi, kde je nutné peclivé zohlednit piitomnost rizikovych organi, vcetné
jicnu, proximalniho bronchialniho stromu, velkych cév, srdce, michy a brachidlniho plexu,
se obvykle voli niz§i davky. Nej€astéji se podava 40 Gy v 5 frakcich nebo 60 Gy v 8 frakcich.
Podobné se 1 pii 1écb¢ metastaz v jatrech snazime aplikovat co nejvyssi davky, avsak v ptipadé

pfitomnosti pfilehlych GIT struktur nebo jaterniho hilu volime delsi frakciona¢ni rezimy s nizsi
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celkovou davkou. Davkové limity odpovidaji tém, které se pouzivaji pii 1é€bé primarnich

nadoru v téchto lokalizacich.

Tabulka ¢. 11: SBRT pii 1é¢bé oligometastaz plic a jater riznych primarnich nadora (43,279—

290)

Studie, Davka, Lokalni Celkové ..
rok A Ol frakcionace kontrola preziti Rl
Baschnagel , 48 — 60 Gy 16% G3,
ots 32 plice R 92% (21oky)  76% (210ky) "0y o
Sole plice 92% (1 rok) 84% (1 rok) 14% G2
2013 42 i POYI3TL gse @roky)  63% (2roky) vy
. 84% (1 rok)
Scorsettl g1 e 029 75CY  gap(irok) 65% (15 0%>G3
2013 3fr.
roku)
Navarria , 48 Gy / 4 fr. 89% 73% 0
2014 76 plicc  6hGyi3_8fr.  (2a3roky)  (2a3roky) 00 G3
Singh . 40 - 60 Gy 88% 44% 0
2014 S e 5 fr. 2 roky) @ roky) Uo=(er
Ricco 304 lice 48 — 54 Gy 80% (1 rok) 74% (1 rok) i
2017 P 3-5f1r. 59% (3 roky)  33% (3 roky)
Burkon 66  plice 48 — 60 Gy 92% (2 roky)  88% (2 roky) 0% G3
2018 44  jatra 3-8fr. 68% (2 roky)  69% (2 roky)
Mahadevan 427 dtra 12 - 60 Gy 84% (1 rok) 74% (1 rok) i
2018 ] 1-5fr. 72% (2 roky)  49% (2 roky)
Lindberg , 83% (2 roky) 58% (2 roky)
2021 65  plice  S6GY/8Tr. 30 (310ky)  50% (3 roky)
1 frakce 1 frakce 1 frakce 5%
Siva 87 lice 28 Gy / 1 fr. 69% (3 roky)  81% (3roky) (G3, 1rok)
2021 p 48 Gy / 4 fr. 4 frakce 4 frakce 4 frakce 3%
83% (3roky)  67% (3roky) (G3, 1rok)
Palma plice 54 — 60 Gy o o o
2020 66 i 3_8fr 63% 42% (5 let) 29% > G2
Cheung plice 48 - 60 Gy 0 0 0
2021 38 tra 3_8fr 93% (1 rok) 92% (1 rok) 0% G3
Hannan plice 22 - 40 Gy 0 0
2022 20 i 1 51 100% (1 rok) 74% (1 rok)

Zkratky: N = pocet pacientt, Gy = Gray, fr. = frakce, G = grade.
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Tento clanek shrnuje vysledky a zavéry prospektivni monoinstitucionalni studie, ktera
se zaméfila na vyuziti vysokodavkové radioterapie pii 1€cbé oligometastatického postizeni plic
a jater s metastdzami z rznych primarnich nadord. Tym Dr. Burkoné byl prvnim pracovistém

v Ceské republice, které zavedlo stereotakticky program do klinické praxe.

Cilem této studie bylo analyzovat dlouhodobé pteziti, kontrolu nddoru a bezpecnost
stereotaktické radioterapie u neselektovaného souboru pacient z redlné klinické praxe
S oligometastatickym onemocnénim. V souladu s jinymi publikacemi vysledky potvrdily,
ze se ucinnost této 1€cby zvysuje s aplikovanou davkou a klesa s poctem ozaienych lozisek.
Kromé standardnich parametrt toxicity a pieziti ptinasi studie i unikatni vysledky, napiiklad
dobu do polymetastatické konverze onemocnéni a ¢as do zahajeni nasledné onkologické 1é¢by.
Prace prokdzala, Ze tato metoda predstavuje bezpeCnou a ucinnou moznost 1écby
oligometastatického onemocnéni, pti¢emz piiblizn€ 30 % pacientd po dvou letech od SBRT

nevyzaduje dalsi onkologickou l1écbu.

V ramci Ceské radiacni onkologie se jednalo o prvni vyznamnou publikaci, ktera se vénovala
vysledkiim stereotaktické radioterapie u oligometastatického onemocnéni. Clanek byl v roce
2023 citovan v Lancet Oncology jako jeden ze zdroji metaanalyzy, ktera slouzila k vytvoteni
doporuceni pro 1écbu oligometastatického postizeni, a v roce 2024 v ¢asopise Lung Cancer jako
jeden z kliCovych zdroji pouzitych pii tvorbé doporuceni pro 1écbu oligometastatického

postizeni plic.
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Localized, metastasis-directed stereotactic body radiation therapy (SBRT) of oligometastatic disease (OD) is currently
rapidly evolving standard of care in many institutions. Further reports of outcomes are required to strengthen the level
of evidence in the absence of comparative trials evaluating different practical procedures. The aim of this prospective
single institutional study is to analyse, in unselected cohort of patients from real-world clinical practice, the long-term
survival, tumor control outcomes and safety of SBRT in OD (radical ablative radiotherapy with biological equivalent dose
BED,,>100 Gy). In addition to standard toxicity and survival parameters, we report unique outcomes as FFWD - Freedom
from widespread dissemination, FFNT - Freedom from the need of subsequent treatment and functional survival with
Karnofsky performance status higher than 70%. A total of 110 patients were prospectively evaluated, 60% and 40% were
treated for lung and liver oligometastatic disease, respectively. No grade 3 or 4 acute toxicities (CTCAE) were reported. With
median follow up of 22.2 months and 2-year overall survival of 88.3%, four patients (6.1%) experienced local progression in
the lung SBRT cohort. In the liver SBRT cohort, median follow up was 33 months, 2-year overall survival was 68.5% and 11
patients (25%) experienced local and 36 (81.8%) distal progression. Higher BED,, of 150-170 Gy compared to 100-150 Gy
was an independent positive prognostic factor for local progression-free survival for all patients with hazard ratio 0.25. This
confirms SBRT ablative radiobiology effects to be independent of OD primary histology and location. The best outcomes
in terms of FFNT were observed in the multivariable analysis of patients with 1-2 lung OD compared to both the liver OD
cohort and patients with more than 2 lung metastases. Better FENT in the liver SBRT cohort was observed in patients with
1-2 liver metastases and in patients whose liver OD was irradiated by higher BED,,. In conclusion, SBRT is a suitable option
for patients who are not surgical candidates; with approximately 30% of patients not requiring subsequent treatment 2 years
after SBRT. We believe that this treatment represents a safe and effective option for oligometastatic involvement in patients
with various primary tumors.

Key words: oligometastatic disease, stereotactic body radiotherapy, ablative radiotherapy, liver metastases, lung metastases

Localized metastasis-directed therapy of oligometastatic
disease (OD) is the rapidly evolving standard of care in many
cancer centers. Oligometastases are typically defined as 5 or
fewer metastases in a limited number of organ systems and
limited organ involvement [1, 2]. Comparing surgical resec-
tion, radio-frequency and cryoablation, radiation therapy
(RT) is the preferred option in select patients due to its
non-invasive nature, especially in patients medically unfit
for surgery or technically not surgical candidates. All these
methods can result in improvement in the quality of life,

render some patients free of disease for extended periods of
time and enhance potential cure [3, 4].

When treating metastatic disease for palliative intent,
individual RT approaches must be utilized for best patient
results. Definitions of prescribed RT parameters and determi-
nation of the ideal target volume for RT is a trade-off between
achieving tumor control and minimizing treatment-related
toxicity. With currently available devices for patient immobi-
lization, better imaging techniques and advanced treatment
delivery systems, the principles of stereotactic body radiation
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therapy (SBRT; delivering high dose of RT in a small number
of fractions) can be safely applied in the treatment of oligo-
metastases. SBRT is a non-invasive short-term ambulatory
treatment which meets the criteria for high-quality pallia-
tive care of patients with metastatic disease. Moreover, there
is minimal delay in the onset of subsequent chemotherapy
compared to the more common fractionated RT schedules
because treatment is completed in 1-5 days. SBRT can also
delay progression and postpone the need for additional
systemic therapy for some treatment-resistant tumors.

Many institutions have published treatment outcomes of
patients treated with high-dose RT for limited metastases to
the lung, liver, adrenal gland and metastatic lymphatic spread
[5-11], including reports of possibly more toxic single-
fraction SBRT [12]. Nevertheless, there is a paucity of data
comparing different general practical approaches in daily
clinical SBRT for oligometastases as is the target definitions
or dose normalization for example. With rapidly evolving
RT systems and relatively rare indications, such comparative
trials will most likely never be conducted.

Further examples of SBRT outcomes are therefore required
to strengthen the level of evidence for future standards of
care. Existing trials of SBRT for oligometastases report 2-year
local control rates of approximately 80%, 2-3 year disease-
free survival rates of approximately 20% and 2-3 years overall
survival rates of 25-40%; and this is comparable to surgical
series [3, 13, 14].

Evaluating effectiveness of SBRT according to anatom-
ical metastases location is important for studying special
techniques for treatment and immobilization of oligometas-
tases. However, these heterogeneous patient groups prove
difficult for evaluation of SBRT effectiveness in various
primary tumors. When oligometastatic patients are classified
according to the histopathology of their disease (analogy can
be made to the so called basket trials in medical oncology),
the results of the local treatment can be clinically much
more usable. The results of SBRT of oligometastases from
non-small cell lung cancer, colorectal cancer, breast, kidney,
melanoma and sarcoma are now available [15-19]. There
remains the need for additional studies comparing SBRT
effects on oligometastases in various primary tumors.

The aim of the current prospective single institutional
study is to analyze in unselected cohort of liver and lung
OD patients from real-world clinical practice the long-term
survival, tumor control outcomes and safety of SBRT (radical
ablative RT with biological equivalent dose BED,, >100 Gy)
for oligometastases according to histopathology of their
primary cancers or according to timing of development of
oD [20].

Patients and methods

Patients. Patients with cancer history and 1-3 radio-
graphically obvious metastatic lesions were referred for
SBRT in the Masaryk Memorial Cancer Institute, Brno,

Czech Republic between October 2010 and September 2017.
These were then screened for eligibility in this single-institu-
tional prospective study. The eligibility criteria included age
>18 years and Karnofsky performance status >70%. Further-
more, the diagnostic '*F-fluorodeoxyglucose (*F-FDG) PET
(or PET/CT) was performed before the inclusion of each
patient. Newly proven polymetastatic disease of more than
5 metastases led to exclusion, and those patients under-
went systemic treatment. Several patients who developed
additional metastatic disease after the first course of SBRT
had additional SBRT courses, and their status prior to these
additional SBRT formed the baseline.

SBRT technique. Lung and liver SBRT was achieved
with precise four-dimensional CT (4DCT)-based planning
and ensuring reliable and reproducible immobilization of
all patients. This included the management of respiratory
movements by navigation during each RT fraction using a
linear accelerator equipped with integrated imaging systems
and by ensuring physical safety quality assurance prior to
irradiation [21]. The Elekta stereotactic body frame was used
for patient fixation to minimize rotational shift and patient
movement on the irradiation table [22]. New frameless
fixation products by Orfit Industries and CIVCO Medical
Solutions combined with 6D Perfect Pitch Varian Table has
been used since January 2016, and epigastrium compression
was utilized for minimization of breathing movements of the
diaphragm and liver[23].

The 4DCT (2-3 mm thick slices) scanning was employed
for tumor movement management during planning CT study
acquisition. The data from MR and PET/CT examinations
were used to increase accurate identification and delinea-
tion of the target volumes. The internal target volume (ITV)
concept was used for target volume definition. Gross tumor
volume (GTV) was drawn as a tumor visible on CT or CT/
MRI fusion without any margins and contoured separately
as inspiration GTV, middle expiration GTV, deepest expira-
tion GTV and middle inspiration GTV during the normal
breathing cycle. Subsequently, ITV was created encompassing
all these GTVs. No expansion from ITV to the clinical target
volume (CTV) was used, and planning target volume (PTV)
was delineated with 3 to 5-mm extent in all directions from
ITV to accommodate set-up and internal margin errors in
the lung and liver targets, respectively. The prescribed radia-
tion dose was planned and optimized to this final PTV [24].

Risk adaptive concept was used for dose prescription
and calculation - the dose per fraction and total dose were
determined using the dose volume histogram of the organs
at risk [25]. Ablative dose of radiation was prescribed at
BED,,>100Gy, with preferred dose schedule of 5x11Gy
(55Gy) and 3x18 Gy (54 Gy) fractions. Dose per fraction was
reduced when dose constraints were not met.

Treatment plans were created by the Eclipse planning
system (Varian, v.11.2) with AAA algorithm, and delivered
by linear accelerator equipped with Rapid Arc technology
[26]. The pre-treatment correction of patient position was
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performed directly on the irradiation table by the cone-beam
computed tomography (CBCT) on-board imagine system
which is an integral part of the linear accelerator [27]. To
ensure patient safety, each plan was verified using gamma
analysis as a part of standard quality assurance process.
Adequate target coverage was achieved when 98-100% of
the PTV was covered by 95-100% of the prescribed dose, as
clinically appropriate. Dose gradient was also evaluated so
that treatment plans met the number of organs at risk dose-
volume constraints [28]. The treatment was delivered by
linear accelerator Varian Clinac iX, and by Varian TrueBeam
STX v. 2.5 after 2016.

Patient follow-up, response and toxicity assessment.
Patients were followed-up during and at the end of irradia-
tion according to established institutional standards of care.
They were examined every 3 months in the first year after
SBRT, every 4 months in the second year, in subsequent years
every 6 months and once a year after 5 years. PET/CT evalu-
ated treatment response as the difference in metastasis size
and tumor cell viability. Local recurrence was defined as a
new tumor lesion in the irradiated region or as the increase
in tumor size for more than 20% with corresponding avidity
on PET scan. National Cancer Institute’s Common Toxicity
Criteria for Adverse Events scale (CTCAE) then evaluated
the side effects. Those which occurred within 90 days of
SBRT were defined as acute toxicity; and as chronic toxicity
after this period. All toxicity records were based on physician
report or laboratory data.

Statistical analysis and endpoints. Frequency tables and
descriptive statistics were employed for basic characteristics.
Several endpoints were defined in time-to-event analyses.
Wide-spread distant metastasizing is defined as distant
progression not amenable to resection or local ablation
therapy; via SBRT, radio-frequency ablation or embolization.
The freedom from widespread distant metastasis (FFWD)
[29], overall survival rates (OS), freedom from new treat-
ment (FFNT), functional survival (survival until the drop
below Karnofsky performance status of 70%) and local and
distant control were all estimated by Kaplan-Meier actuarial
survival analysis and log-rank test. OS was calculated from
the date of completed SBRT until death or the last follow-up
visit, and FFWD was defined from the date of finished SBRT
until death, widespread distant progression or the last radio-
graphic study.

Local failure was scored as an eventinlocal progression free
survival analysis when any treated lesion increased by 20%
(the Response Evaluation Criteria In Solid Tumors criteria
version 1.1), or when local failure was confirmed pathologi-
cally. The time to progression was defined as the time from
the end of SBRT until the date of a new local/regional lesion
in the lung/liver but outside the irradiated region or distant
extra pulmonary/hepatic progression. SBRT outcomes were
also evaluated with patients grouped according to different
OD types: (1) first OD at patient’s history of present illness,
(2) former locally treated OD and current new onset of OD,

(3) former poly-metastatic disease controlled by chemo-
therapy and current new onset of OD and 4) current poly-
metastatic disease already treated by chemotherapy and by
SBRT to some lesions. Multivariable analysis was performed
using the Cox proportional hazard model based on results of
univariable analysis. All significance testing was performed
at the 0.05 level by R software version 3.2.4.

Results

Patients’ characteristics. A total of 110 patients met
inclusion criteria between October 2010 and September 2017
and these were further analysed. The median age was 65.2
years and 47% were men. Patient characteristics are summa-
rized in Table 1, including the timing of OD, type of OD and
relationship of SBRT to systemic treatment. The majority of
liver SBRT patients were patients with colorectal cancer (59
patients, 53.6%).

Acute grade 1 and 2 toxicity occurred in 24 patients
(21.8%); 13 cases (19.7%) in lung SBRT cohort and 11 cases
(25.0%) in liver SBRT cohort — mainly nausea in 8 cases
(7.3%), fatigue and weakness in 9 cases (8.2%), dry cough
in 5 cases (4.5%) and inter-costal nerve irritation in 2 cases
(1.8%). No grade 3 or 4 acute side effects were reported. Late
toxicity occurred in 17 patients (15.5%); 11 patients (10.0%)
suffered from symptomatic pneumonitis, with 6 patients
treated with antibiotics and 5 with antibiotics and cortico-
steroids with maximum duration of steroids for two months;
2 patients (1.8%) suffered from inter-costal nerve irritation
and 4 patients (3.6%) from asymptomatic rib fracture. No
radiation induced liver disease was observed.

SBRT treatment characteristics. All patients were treated
with radical ablative dose (BED,;>100Gy) with the most
common prescription of 5x11 Gy (BED,,=150) in both lung
and liver SBRT cohorts. The overall median PV T volume was
28.4ccm, and detailed SBRT parameters are summarized in
Table 2.

Local control and time to event data. With median
follow up of 22.2 months and 2-year overall survival of
88.3%, four patients (6.1%) experienced local progression in
the lung SBRT cohort and 35 patients (53.0%) experienced
distal progression (median time to distal progression 14.2
months after the end of SBRT). Median FFWD survival was
38.9 months with 17 patients (25.8%) having widespread
dissemination. Thirty-six patients (54.5%) needed subse-
quent treatment (median FENT survival 15.4 months).
Eleven patients (16.7%) experienced worse functional status
with 70% decrease in Karnofsky performance status (median
functional survival not reached).

Corresponding results in the liver SBRT cohort are as
follow: median follow up of 33.0 months, 2-year overall
survival 68.5%. Eleven patients (25.0%) had local and 36
(81.8%) distant progression (median time to local progres-
sion was not reached and median time to distal progression
was 6.2 months). Median FFWD survival was 11.6 months
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(28 patients (63.6%) had widespread dissemination). 36
patients (81.8%) needed subsequent treatment (median
FFNT survival 9.4 months). Median functional survival
was 35.5 months (17 patients, 38.6%, had an event). The
remaining survival parameters are displayed in Figure 1 and
summarized in Table 3.

Univariable analysis of all patients revealed that local
control was significantly influenced by OD liver location (HR
4.66), colorectal cancer (HR>10), by histology (adenocarci-
noma-gastrointestinal worse than the others, HR 14.1) and
timing of OD (OD at the time of initial diagnosis is worse
than others, HR 0.20). However, local control was better with
higher BED,,(BED,,150-170vs. 100-150, HR 0.29, p=0.088).

Table 1. Basic patients” characteristics.

Neither the number of irradiated metastases nor the relation-
ship of SBRT to systemic treatment or SBRT characteristics
(PTV volume) influenced local control (p=0.18). The corre-
sponding values for lung and liver SBRT cohorts are summa-
rized in Figure 2 and Supplementary Table 1.

Regardless of primary diagnosis, multivariable analysis
determined that local control was independently influ-
enced by adenocarcinoma-gastrointestinal histology (HR
10.6, p=0.025), gender (men were worse; HR 3.9, p=0.037),
timing of OD not present at the time of initial diagnosis (HR
0.27, p=0.023) and higher BED,, (150-170Gy compared
to 100-150 Gy; HR 0.25, p=0.07). The overall survival was
independently influenced by adenocarcinoma gastrointes-

Patients characteristic

All patients
n=110 (100%)

Liver SBRT
n=44 (40%)

Lung SBRT
n=66 (60%)

Age (years)
Median, range

Sex
Men (%)

Primary diagnosis
Colorectal cancer
Breast cancer
Lung cancer
Renal cancer
Other

Histology
Adenocarcinoma gastrointestinal

65.2; 34.4-83

52 (47.3%)

59 (53.6%)
18 (16.4%)
14 (12.7%)
9 (8.2%)
10 (9.1%)

65 (59.1%)

67.5; 35.3-82.9 59.5; 34.4-77.2

30 (45.5%) 22 (50.0%)

27 (40.9%) 32 (72.7%)
11 (16.7%) 7 (15.9%)
14 (21.2%) 0 (0.0%)
9 (13.6%) 0 (0.0%)
5 (7.6%) 5 (11.4%)

35 (53.0%) 30 (68.2%)

Ductal breast carcinoma 16 (14.5%) 9 (13.6%) 7 (15.9%)

Squamous cell carcinoma 9 (8.2%) 9 (13.6%) 0 (0.0%)

Renal cell carcinoma 9 (8.2%) 5(7.6%) 4(9.1%)

Other 11 (10.0%) 8 (12.2%) 3 (6.8%)
Number of metastases

1 73 (66.4%) 43 (65.2%) 30 (68.2%)

2 29 (26.4%) 18 (27.3%) 11 (25.0%)

3 8 (7.2%) 5 (7.5%) 3 (6.8%)
Timing of OD

At the time of initial diagnosis 23 (20.9%) 8 (12.1%) 15 (34.1%)

During primary treatment 7 (6.4%) 4(6.1%) 3 (6.8%)

Until 12 month after the primary treatment
More than 12 month after primary treatment

57 (51.8%)

Type of OD
First OD at patient’s HPI
Former locally treated OD and current new onset of OD

Former polymetastatic disease controlled by chemotherapy
and current new onset of OD

23 (20.9%)

41 (37.2%)
43 (39.1%)

13 (19.7%) 10 (22.7%)

41 (62.1%) 16 (36.4%)

24 (36.4%)
31 (47.0%)

17 (38.6%)
12 (27.3%)

18 (16.4%) 8 (12.1%) 10 (22.7%)
Current polymetastatic disease treated by chemotherapy and
by SBRT to some of the lesions 8(7.3%) 3 (4.5%) 5 (11.4%)
Relation of SBRT to systemic treatment
No systemic therapy 64 (58.2%) 43 (65.1%) 21 (47.7%)

Regression of MTS on previous systemic therapy

Progression of MTS on previous systemic therapy

23 (20.9%)
23 (20.9%)

12 (18.2%)
11 (16.7%)

11 (25.0%)
12 (27.3%)

Abbreviations: OD, oligometastatic disease; HPI, history of patient illness; MTS, metastasis
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Table 2. SBRT treatment prescription characteristics.

SBRT characteristic Al(lnlialti;';ts Lu(l:1g=56];)RT Lis(rflr= iE)RT
PTV volume
median (min-max) 28.4 (4.3-143.2) 21.2 (4.3-125.1) 49.3 (12-134.2)
Dmin_ITV

median (min-max)
Dmin_PTV

median (min-max)
Dmax

median (min-max)
BED,,

median (min-max)

170 (3x20 Gy)

150 (3x18 Gy)

125 (3x16 Gy)
115 (5x11 Gy)
105 (8x7.5 Gy)
100 (5x10 Gy)

53.0 (34.1-67.6)
45.5 (20.2-52.4)
60 (50.2-81.7)

115 (100-170)
2(1.8 %)
34 (30.9 %)
1(0.9 %)
57 (51.8 %)
3(2.7 %)
13 (11.9 %)

53.1 (34.1-64.1)

44.3 (20.2-52.4)

61.3 (52-81.7)

115 (100-170)
2 (3.0 %)
22 (33.3 %)
1(1.5%)
29 (43.9 %)
3 (4.6 %)

9 (13.7 %)

53 (42.9-67.6)

46.7 (34.8-52.2)

59.6 (50.2-79.4)

115 (100-150)
0 (0 %)
12 (27.3 %)
0 (0 %)
28 (63.6 %)
0 (0 %)
4(9.1%)

Abbreviations: SBRT: stereotactic body radiation therapy, PTV: planning target volume, ITV: internal target volume, min: minimum, max: maximum,
Dmin_ITV: minimal dose in ITV, Dmin_PTV: minimal dose in PTV, Dmax: maximal dose, BED10: biological effective dose when a/p equals 10, Gy: Gray.

Table 3. Time to event analyses.

Time to event analysis All patients Lung SBRT Liver SBRT ] p-value
(n=110) (n=66) (n=44) (liver vs. lung)
Median follow up 29.0 222 33.0 -
Overall survival 0.02
number of events 26 (26.3%) 8 (14.3%) 18 (40.9%)
2-year 78.1% 88.3% 68.5%
3-year 64.9% 80.2% 51.8%
Local PFS <0.01
number of events 15 4 11
2-year 82.5% 92.2% 68.2%
3-year 75.8% 85.6% 61.4%
Distal PFS <0.01
number of events 71 35 36
2-year 29.7% 39.8% 16.6%
3-year 21.4% 29.0% 11.1%
Widespread dissemination <0.01
number of events 45 17 28
2-year FFWD 57.2% 73.9% 38.1%
3-year FFWD 40.0% 56.0% 21.4%
Need of new treatment <0.01
number of events 72 36 36
2-year FENT 27.0% 38.6% 12.2%
3-year FENT 20.2% 29.2% 9.1%
Functional survival 0.15
number of events 28 11 17
2-year functional survival 75.9% 84.0% 67.6%
3-year functional survival 56.9% 64.6% 49.2%

Abbreviations: SBRT: stereotactic body radiation therapy, PFS: progression-free survival, FFWD: freedom from widespread distant metastasis, FFNT: free-
dom from a new treatment, functional survival: drop below Karnofsky performance status of 70 %).
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Figure 1. Kaplan-Meier survival estimation of local PFS (progression free survival), overall survival, distant PFS, time to widespread dissemination,
time to requiring new therapy and time of functional survival in liver and lung cohorts.

tinal histology (HR 2.5, p=0.045), gender (men better; HR
0.3, p=0.015) and by the PTV volume (higher values worse;
HR 1.02, p=0.001). Table 4 lists further significant variables
in multivariable analysis, including separate analysis of
each SBRT cohort. Finally, Figure 3 highlights colorectal
cancer results because this provides the greater percentage
of patients in our cohort (59 patients, 53.6%). The median
local PFS was not reached, with median overall survival at
45 months.

Discussion

The treatment outcomes of patients irradiated by SBRT for
their oligometastatic lung and liver disease were evaluated in
this large single institutional study focused on patients treated
in routine clinical practice. Real-world evidence research is
currently an increasingly important supplement to basic and
clinical research, especially in radiotherapy where there are
many different approaches to specific treatment delivery. We
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Figure 2. Results of univariable analysis of six predefined times to event analyses. * Hazard ratios are not shown because there are no events in one
group. Abbreviations: OD: oligometastases, MTS: metastasis, BED10: biological effective dose when a/p equals 10, CHT: chemotherapy, SBRT: stereo-
tactic body radiation therapy, PTV: planning target volume, FFWD: freedom from widespread distant metastasis, FENT: freedom from new treatment.

prospectively collected data on toxicity and local and distant
control. SBRT itself was performed without any clinical
trial specific protocol, what reflects routine clinical practice.
Univariable analysis determined that worse local control and
overall survival occurred in SBRT liver patients than in the
lung SBRT cohort (HR 4.66, p=0.004 and HR 2.97, p=0.017).
This may be explained by the higher proportion of colorectal
cancer in the liver SBRT cohort, what can be proved by
disappearance of significant difference in multivariable
analysis. However, higher BED,, of 150-170 Gy compared to
100-150 Gy was an independent positive prognostic factor
for local progression-free survival with HR 0.25; regardless of
the location of the SBRT target. This confirmed SBRT radio-
biological ablative effects independent of primary histology
and OD location.

In addition to classical outcomes such as overall survival
and local and distant control, we also focused on outcomes
important for the patient’s perception of the disease course
- functional survival with Karnofsky performance status
at least 70% (borderline where patients are able to care for
themselves) and also the freedom from widespread distant
metastasis (FFWD), mirrored by freedom from new treat-
ment (FFNT) when the patient had adequate performance
status for palliative treatment of widespread disease [29].
Since oligometastatic disease is treated by radical SBRT with
curative potential [30-32], FFNT may be the most impor-
tant outcome from patient view-point. To the best of our
knowledge, this is the first report of FFNT of a large cohort
of patients treated with high BED,, ablative dose. The ideal
patient with significantly better FFNT based on multivariable

analysis is one with lung OD or a patient without previous
poly-metastatic disease treatment at the time of SBRT indica-
tion. While independently better FENT was a most important
index in liver patients with higher BED,, dose, younger age
was more important in the lung cohort. In addition, all effort
should be made to deliver BED,, dose >150 Gy in patients
who benefit from SBRT of their oligometastases, provided
risk factors are considered. BED is useful in comparing RT
dosage because it accounts for fractionation effects in the
observed results, provided that the different behaviour of
early and late reacting tissues is considered. Interestingly,
higher BED,, was also an independent factor for distant
liver recurrence in the liver SBRT cohort with almost twice
better distant liver PFS associated with higher SBRT dose.
This may be speculatively explained based on the assumption
that metastases ablation reduces sources for further metas-
tasis, and also that subsequent liver metastases are related to
previous liver OD rather than the original tumor. No studies
have focused on this topic, but spatial correlations of liver
failure after previous local treatment of liver oligometastases
may address this issue [33, 34].

Surgery has been shown to be able to cure a proportion
of oligometastatic patients. Surgery limitations (technical
issues, advanced age, associated comorbidity or refusal by
patient) have led to progressive implementation of SBRT
as an alternative local ablative treatment option. SBRT is
proven safe and effective and it achieves approximately
80% local control, with varying impact on survival depen-
dent on associated prognostic factors [3].Despite promising
results, SBRT has significant clinical challenges including
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Table 4. List of significant (p<0.05) prognostic factors in multivariable analyses expressed by HR and p-value.

Multivariable analysis Al(lnzaltic:)r)lts Lu(x:l gzzlé)R T Li\(r:;r:i}:)R T
Local control

Adenocarcinoma-gastrointestinal 10.6, p=0.025 - -

sex (men) 3.89, p=0.037 -

non - OD at initial diagnosis 0.27, p=0.023 0.04, p=0.014 -

progression of MTS on previous systemic therapy - - 9.50, p=0.007

BED,, (150-170) 0.25, p=0.07 - -

systemic treatment after SBRT - - 0.03, p<0.001
Overall survival

sex (men) 0.3, p=0.015 - -

non - first OD in patient’s HPI - 0.42, p=0.300 -

adenocarcinoma_gastrointestinal 2.5, p=0.045 - -

PTV volume 1.02, p=0.001 - 1.01, p=0.053
Distal progression

age (older) 0.97, p=0.004 0.96, p=0.050 -

polymetastatic disease at patient”’s HPI 2.76, p <0.001 2.34, p=0.025 3.26, p=0.002

BED,, (150-170) - - 0.52, p=0.099
Freedom from widespread dissemination (FFWD)

liver location 2.65, p=0.002 - -

sex (men) - 0.28, p=0.045 -

adenocarcinoma_gastrointestinal - 4.75,p=0.016 -

BED,, (150-170) - 0.13, p=0.018 -

progression of MTS on previous systemic therapy - 7.15, p=0.003 -

systemic treatment after SBRT - 5.5, p=0.004 -

polymetastatic disease at patient s HPI 4.4, p<0.001 - 3.77, p<0.001
Freedom from the need of subsequent treatment (FFNT)

age (older) - 0.97, p=0.074 -

liver location 1.76, p=0.018 - -

BED,, (150-170) - - 0.49, p=0.073

polymetastatic disease at patient’s HPI 2.77, p<0.001 2.17, p=0.043 3.2, p=0.002
Functional survival

colorectal cancer - - 22.56, p=0.005

sex (men) 0.35, p=0.01 0.08, p=0.006 -

adenocarcinoma_gastrointestinal 3.71, p=0.003 3.81, p=0.053 -

non - first OD in patient’s HPI - 0.23, p=0.053 -

non - OD at initial diagnosis - 0.15, p=0.055 -

volume of PTV 1.01, p=0.003 - 1.02, p=0.01

Abbreviations: SBRT: stereotactic body radiation therapy, HR: hazard ratio, OD: oligometastatic disease, BED10: biological effective dose when a/p equals
10, PTV: planning target volume, PTV: planning target volume, ITV: internal target volume, Dmin_ITV: minimal dose in ITV, Dmin_PTV: minimal dose

in PTV, HPL history of patient illness, MTS: metastasis.

identification of optimal patients for treatment with reason-
able risk-benefit ratio. Our planned post-hoc analysis with
longer follow-up and a greater number of patients in each
subgroup is intended to provide clearer indication criteria.
One example is future comparison of outcomes for patients
with first OD presentation compared to that for OD second
or further OD presence. In our current cohort, no signifi-
cant difference in outcomes between these two groups were
observed (Supplementary Figure 1). Nowadays, the selection

of patients for SBRT is based on clinical criteria only. Despite
the excellent local control achieved, the main progression
pattern in these patients is systemic, and some patients
progress to poly-metastatic disease less than 4 months after
SBRT. Some clinical factors have been shown to be associated
with poorer survival, including brain metastases, “adeno-
carcinoma_gastrointestinal” histology, and synchronous vs
metachronous metastatic disease, some of them were also
confirmed by our study. We also observed a significant corre-
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Figure 3. Kaplan-Meier survival estimation of local PFS (progression free survival), overall survival, distant PFS, time to widespread dissemination,
time to requiring new therapy and time of functional survival in the colorectal cancer cohort (n=59 patients).

lation with the PTV volume reflecting higher tumor burden
as a risk factor for survival. Several limitations are acknowl-
edged in our study. The aim to include all irradiated patients
is both a strength and weakness of this analysis. Especially in
the evaluation of potential effect of SBRT on overall survival,
the results can be biased by inclusion of 8 polymetastatic
patients who were irradiated to few metastases that did not
responded to systemic treatment. The curative or palliative

intent of SBRT must be defined in all patients prior to treat-
ment. Considering localized oligometastatic disease and very
high local dose used in our cohort (BED,, higher than 100
Gy), it may be concluded that all patients in our study were
treated with curative intent except of previously mentioned 8
patients. Even if this factor was not significant in multivari-
able analysis, these patients may not fulfil rigorous definitions
of OD for curative local treatment [1, 2]. A further limitation
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may be the combination of SBRT liver and lung patients. The
location of metastasis was not an independent factor for local
PES in our study, and even if this is not important in evalu-
ating local control after SBRT [25] other outcomes could be
strongly influenced by the original histology or other details
in the patient’s history of presented disease which were not
evaluated. This, for example, includes molecular subtypes of
breast cancer [29].

In conclusion, herein we report the results of oligometa-
static disease treated by radical SBRT ablation. This is a very
effective and safe palliative treatment modality suitable for
patients with oligometastatic liver or lung disease. SBRT is
a suitable option for patients who cannot undergo surgery
safely, because it is well tolerated and has minimal toxicity.
SBRT is a standard curative treatment for oligometastatic
involvement in various primary tumors, and almost 30% of
our patients required no subsequent treatment 2 years after-
wards. Finally, stereotactic body radiation therapy optimal
doses, fractionation schemes, indications and detailed
technical aspects currently require standardization.
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6.2. Oligometastdzy lymfatickych uzlin a nadledvin

V anamnéze ruznych nadorovych onemocnéni hrudniku, bficha i panve se Ize setkat
s oligometastatickym postizenim lymfatickych uzlin. Stejné jako u lozisek v parenchymovych
organech lze i1 zde k lokalni 1écb¢ indikovat cilenou stereotaktickou radioterapii (SBRT). Pocet
frakci a davka na frakci zavisi na umisténi, velikosti a poctu postizenych uzlin. Aplikované
davky zateni pfi SBRT lymfatickych uzlin byvaji nizsi nez pti 1écbé plicnich nebo jaternich
metastdz, protoze citlivost okolnich struktur omezuje maximalni ddvku. Kromé¢ toho se u téchto
pacientii SBRT casto vyuziva opakovan¢. NejCastéjsi frakcionacni schémata zahrnuji 35 Gy
v 5 frakcich, 40 Gy v 5 frakcich nebo 27 Gy ve 3 frakcich. Podle provedenych studii je mozné
pomoci SBRT dosahnout vynikajici lokalni kontroly (viz Tabulka ¢. 12). Nicméné i pouhy
odklad systémové lécby diky Setrné radioterapii mulze pozitivné ovlivnit kvalitu zivota
pacientt.

S metastatickym postizenim nadledvin, které je Casto oligometastatické, se 1ze setkat
zejména pii diseminaci plicnich karcinomti. Neni-li indikovadna operace, SBRT ptedstavuje
smysluplnou alternativu. Obvykle se aplikuje 30 Gy ve 3 frakcich nebo 3040 Gy v 5 frakcich.,
Pti téchto davkach a pii dodrZeni limith pro tenké stfevo, zaludek, duodenum a ledviny jsou
vedlejsi a€inky minimalni.

Tabulka ¢. 12: Vybrané studie SBRT pfi 1écbé oligometastaz nadledvin a lymfatickych uzlin.
(292-296)

Studie, N Oblast Dayka, Lokalni Ccilkv(fv’e Toxicita
rok frakcionace kontrola preziti
Casamassi
. 90% 40% (1 rok) 0
ZrSfZ 48 nadledviny 36 Gy /3 fr. (2 roky) 15% (2 roky) 0% G3
Scorsetti . median 66% (1 rok)  65% (1 rok) 0
2012 34 nadledviny a5 oo afr. 3206 (2 roky) 53% (2 roky) 0% G3
Franzese . 40 Gy/ 66% (L rok)  88% (1 rok) 0
2017 46 nadledviny o7 5% 4106 (2roky) 88% (2roky) 070 3
Je;i‘;:k' gg lymfatické  mediin  81% (1rok) goo o o 3%akutni G3
2014 uzliny 24 Gy /31fr.  64% (3 roky) T pozdni G4
Yeung 18 lyqutické 31-60Gy/ 94% (Lrok)  89% (1 rok) 0% G3
2017 uzliny 4-10 fr. 47% (2 roky) 74% (3 roky)
Burkon 90 lymfatické 27 -45Gy/  68% (3 roky) 62% (3 roky) 0% G3
2021 uzliny 3-8fr. 56% (5 let) 39% (5 let)

Zkratky: N = pocet pacientt, Gy = Gray, fr. = frakce, G = grade.
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Aims: To evaluate the efficacy and toxicity of extracranial stereotactic body radiotherapy
(SBRT) in the treatment of oligometastatic lymph node involvement in the mediastinum,
retroperitoneum, or pelvis, in a consecutive group of patients from real clinical practice
outside clinical trials.

Methods: A retrospective analysis of 90 patients with a maximum of four oligometastases
and various primary tumors (the most common being colorectal cancers). The endpoints
were local control of treated metastases (LC), freedom from widespread dissemination
(FFWD), progression-free survival (PFS), overall survival (OS), and freedom from systemic
treatment (FFST). Acute and delayed toxicities were also evaluated.

Results: The median follow-up after SBRT was 34.9 months. The LC rate at three and five
years was 68.4 and 56.3%, respectively. The observed median FFWD was 14.6 months,
with a five-year FFWD rate of 33.7%. The median PFS was 9.4 months; the three-year
PFS rate was 19.8%. The median FFST was 14.0 months; the five-year FFST rate was
23.5%. The OS rate at three and five years was 61.8 and 39.3%, respectively. Median OS
was 53.1 months. The initial dissemination significantly shortened the time to relapse,
death, or activation of systemic treatment—LC (HR 4.8, p < 0.001), FFWD (HR 2.8, p =
0.001), PFS (HR 2.1, p = 0.011), FFST (HR 2.4, p = 0.005), OS (HR 2.2, p = 0.034).
Patients classified as having radioresistant tumors noticed significantly higher risk in terms
of LC(HR 13.8, p =0.010), FFWD (HR 3.1, p = 0.0086), PFS (HR 3.5, p < 0.001), FFST (HR
3.2, p = 0.003). The multivariable analysis detected statistically significantly worse survival
outcomes for initially disseminated patients as well as separately in groups divided
according to radiosensitivity. No grade lll or IV toxicity was reported.

Conclusion: Our study shows that targeted SBRT is a very effective and low toxic
treatment for oligometastatic lymph node involvement. It can delay the indication of
cytotoxic chemotherapy and thus improve and maintain patient quality of life. The aim of
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further studies should focus on identifying patients who benefit most from SBRT, as well
as the correct timing and dosage of SBRT in treatment strategy.

Keywords: stereotactic body radiotherapy, lymph node metastases, oligometastases, local therapy, radiotherapy

INTRODUCTION

Oligometastatic disease (OD), commonly defined as the presence
of five or fewer metastatic lesions located in a limited number of
organs (1), is now diagnosed more often due to the increased
availability of positron emission tomography (PET/CT)
scanning, which has become an integral part of the follow-up
examination schedule. OD is supposedly an intermediate step
between localized and disseminated cancer (2, 3). Local therapies
such as surgery, radiofrequency ablation (RFA), cryoablation, or
targeted radiotherapy have the potential to achieve local control
(LC) with minimal toxicity. In many cases, it can be assumed that
if the cancer is in the stage where pathogenic changes leading to
dissemination have not yet been promoted, the local treatment of
such involvement will lead to a long-term asymptomatic period,
or even cure (2-5). Moreover, the possibility of delaying the
administration of potentially toxic systemic therapy may
significantly affect the quality of life of these patients (6).

Stereotactic body radiotherapy (SBRT) is a non-invasive
method of treating localized tumor lesions by applying high
doses of ionizing radiation in a small number of fractions. This is
possible by employing specially equipped linear accelerators,
modern immobilization devices, and imaging methods. SBRT
is a short-term treatment that is very well tolerated, non-invasive,
and does not require hospitalization or any complicated special
preparation, all of which is important, especially in palliative
treatment. Compared to standard radiotherapy (RT) techniques,
SBRT allows for significantly higher doses to be delivered with
less damage to surrounding healthy tissues due to its accuracy
(7, 8).

Outstanding local control, improved overall survival, and
minimal side effects rank SBRT among the standard treatment
methods for localized non-small cell lung cancer and
oligometastatic involvement of various sites and different
primary tumors (9-11). Most evidence of the use of SBRT in
the treatment of oligometastases is mainly related to liver and
lung metastases with two-year LC of approximately 80%, the 2 to
3-year disease-free survival (DFS) of approximately 20%, and the
2 to 3-year overall survival (OS) of 25-40% (12-14).

Currently, there is limited data on the use of SBRT in the
treatment of lymph node metastases. The number of fractions,
and the dose per fraction depend on the location, size, and
number of affected nodes. The dose is, of course, limited by the
sensitivity of the surrounding structures. Because of their
localization, the doses administered in stereotactic irradiation
of the affected lymph nodes are lower than in the SBRT of lung or
liver lesions. In addition, SBRT is often used repeatedly on
a patient.

The aim of this retrospective study is to evaluate the efficacy
and toxicity of SBRT in the treatment of 90 consecutive patients

with oligometastatic involvement of lymph nodes located in the
mediastinum, retroperitoneum, or pelvis. The study was
approved by Ethical Board of Masaryk Memorial Cancer
Institute (MMCI; approval No. 2020/2802/MOU).

PATIENTS AND METHODS

Patients

The patients screened for eligibility were those who indicated for
SBRT in the Masaryk Memorial Cancer Institute between 2011
and 2019. Eligibility criteria included an age of > 18 years, a
Karnofsky index of >70%, and oligometastatic involvement of
lymph nodes located in the mediastinum, retroperitoneum, or
pelvis described on a diagnostic CT scan. Before initiating
radiotherapy planning, the extent of involvement was
confirmed in all patients by PET/CT examination. If additional
lesions were found, the SBRT indication was re-evaluated and
the patient not meeting the criteria of OD was referred to an
oncologist to start systemic treatment. Patients who experienced
new metastasis during follow-up after their primary SBRT
oligometastases were not re-included in this analysis, even if
this metastasis was indicated for another SBRT. In these cases,
the evaluation of local control after initial SBRT, time to indicate
systemic treatment, and overall survival continued.

Oligometastatic Disease Classification

and Tumor Grouping

OD was classified according to the patient’s history of metastatic
disease before diagnosing the treated OD and according to
relation to systemic therapy following the system currently
presented by the European Society for Radiotherapy and
Oncology and the European Organization for Research and
Treatment of Cancer (15). The first-time diagnosis of OD is
referred to as de-novo OD. The term repeat OD is used if the
patient has a history of oligometastases before the treated OD.
Any previous history of polymetastatic disease is referred to as
induced OD. The development of OD during the systemic
treatment-free interval is referred to as oligorecurrence.
Oligopersistent OD is defined as a stable residual disease or
partial response occurring during active systemic therapy. The
term oligoprogression refers to growing or newly developed
oligometastases during active systemic therapy. The used
system for OD classification is summarized in Supplementary
Table 1.

Primary tumors were divided into groups considering
sensitivity to radiotherapy—radiosensitive tumors including
breast, head and neck, gynecologic and prostatic (16, 17);
radioresistant tumors including colorectal, renal, bladder,
pancreas, melanoma, sarcoma, and lung tumors (18, 19). In
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relation to the primary tumor diagnosis irrespective of future OD
status, initial disease staging was considered. Initially localized
tumors are referred to as MO0, and patients with initially
disseminated disease as M1 under TNM classification.

Radiotherapy Technique

A stable, reproducible, and comfortable position of the patient
during irradiation was ensured by vacuum-formable mattresses
placed freely or in combination with a fixed frame on an linear
accelerator couch (20). Until the end of 2015, the combination of
vacuum mattresses with the Elekta rigid stereotactic frame (SBF,
stereotactic body frame) (21) was used to prevent rotational
shifts on the couch. Since January 2016, Frameless fixation of
Orfit Industries and CIVCO Medical Solutions has been used in
combination with the patient’s position correction in six planes
using the Varian PerfectPitch 6DoF couch.

Four-dimensional CT (4DCT) and respiratory gating
(management of respiratory movements) during each fraction
of irradiation using a linear accelerator with integrated imaging
systems and a patient’s respiratory control system were used
during treatment planning and subsequent irradiation (22).
Gross Tumor Volume (GTV) was defined in 2-3 mm planning
CT scans as a lesion visible on CT or CT/MR or CT/PET fusion
in all scan sets. This individual GTV from different breath phases
was subsequently fused to create an ITV (Internal Target
Volume) that included all of the breathing positions. In the
case of significant breathing movements, the deep inspiration
breath hold technique (DIBH) (23) was used. In this case, the
GTV was drawn only at this stage (breath hold). To create the
Planning Target Volume (PTV), the GTV was expanded by 3 to
5 mm in all directions (3 mm margin for very well localizable
lesions, or when the movements of the tumor were minimal).
The prescribed dose was subsequently optimized for this
PTV (24).

The risk-adaptive concept was used to prescribe and calculate
the radiotherapy dose, where the dose per fraction and the total
dose are adjusted to the dose-volume histogram (DVH) of the
risk structures (OAR) around the target PTV volume (25, 26).
Because of the very close spatial proximity of radiosensitive
gastrointestinal structures and spatial instability during
repeated fractions (especially in the case of the small intestine),
the dose 35 Gy in five fractions was most frequently prescribed,
and the median biological equivalent dose (BEDog,) was 60 Gy
(in the range of 48-112 Gy).

Dose calculation was carried out with the Eclipse planning
system (Varian Medical Systems, Palo Alto, USA) with the
Analytical Anisotropic Algorithm (AAA), enabling heterogeneity
correction. Adequate coverage of the target volume was achieved
when 98-100% of PTV was covered with 95-100% of the
prescribed dose. The best possible treatment plan was also
identified by evaluation of the gradient of the radiation dose to
the surrounding tissue. This is assessed by 1) the ratio of the
isodose volume for which the dose is prescribed to the volume of
PTV, 2) the ratio of the volume of 50% isodose to the volume of
PTV, and 3) the maximum dose at 2 cm from PTV in all
directions. The prescribed dose was applied using the Varian
Clinac iX and Varian TrueBeam STX ver. 2.5 linear accelerators

equipped with Volumetric Modulated Arc Therapy (VMAT)
technology (27) and flattening filter free (FFF) beams, i.e.,
radiation beams without homogenizing filters. Patient pre-
treatment correction was performed online on-board using
cone-beam computed tomography (CBCT), which is an
integral part of these linear accelerators (28). To ensure patient
safety, each RT plan was dosimetrically verified by gamma
analysis as part of the standard RT quality assurance process.
A typical treatment plan is shown in Figure 1 and dose
constraints are listed in Supplementary Table 2.

Follow-Up, Toxicity, and Effectivity

Patient follow-up during and after SBRT was based on
established standards of care in our institution. Follow-up
consists of imaging, clinical examination, blood tests, and
supplementary examinations according to the irradiated site.
The effectiveness of SBRT treatment was monitored in all
patients using PET/CT to ensure an accurate comparison with
baseline data. If the PET/CT findings were repeatedly negative,
more economical contrast computed tomography for the next
examination was allowed. The follow-up schedule is as follows:
in the first two years after 3-4 months, in the next three years
every six months, and then once a year.

Progressive disease was defined according to EORTC-
RECIST criteria (30, 31) as a new lesion in the irradiated area
or as an increase of >20% from the baseline with significant
avidity in PET examination compared to threshold activity in the
liver. Unclear findings led to the indication of early PET/CT
control, biopsy, or surgery. Both acute and late post-radiation
changes were evaluated according to the National Cancer
Institute’s Common Toxicity Criteria for Adverse Events scale
(CTCAE). Acute toxicity occurs during treatment or within the
following 90 days. Toxicity evaluation was based on clinical
examination and laboratory or imaging data.

Statistical Analysis and Endpoint Definition
Time-to-event endpoints were outcomes in terms of local control
of treated metastases (LC), freedom from widespread
dissemination (FFWD), progression-free survival (PFS), overall
survival (OS), and freedom from systemic treatment (FEST). All
cited events were observed from the date of SBRT termination.
LC was determined as the time to progression or recurrence
within the PTV. FFWD was defined as the time to distant
progression, not amenable to resection or locally ablative
therapy. PFS was determined as the time to progression
(including local, regional, or distant progression) or death
from any cause. OS was defined as the time to death from any
cause. FEST was considered as the time to activation of systemic
therapy. Patients without the observed event were censored at
the date of the last appropriate visit.

Patient and treatment characteristics were described using
standard summary statistics, i.e., median and interquartile range
(IQR) for continuous variables and frequencies and proportions
for categorical variables. SBRT characteristics in patient groups
were compared using Fisher’s exact test, the chi-squared test, or
the Mann-Whitney test, as appropriate. Survival probabilities
were calculated using the Kaplan-Meier method. Survival curves
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FIGURE 1 | Spinocellular carcinoma of the esophagus in a 63 year-old woman, solitary metastasis in the retroperitoneal lymph node, 35 Gy in five fractions, dose
prescription at 80% isodose, PTV = 29.6 cm3, Dmin = 31.4 Gy, Dnear min = 35 Gy, Dmean in PTV = 39.6 Gy, Dnear max = 45.5 Gy, Dmax = 46.8 Gy. Gy, Gray;
PTV, planning target volume; Dmin, minimum dose in the PTV; Dnear min, near-minimum dose in the PTV; Dmean in PTV, mean dose in PTV; Dnear max, near-
maximum dose in the PTV; Dmax, maximum dose inthe PTV. Dnear min and Dnear max according to ICRU report 83 (29).

were compared using the log-rank or Gehan-Wilcoxon test, as
appropriate. The Cox proportional hazard model was used to
calculate hazard ratios. The proportional hazard assumption was
verified based on scaled Schoenfeld residuals. Multivariable
analysis was performed using backward stepwise selection
based on the Akaike information criterion. All statistical
analyses were performed employing R version 4.0.2 (32), and a
significance level of 0.05.

RESULTS

Baseline Characteristics

The basic patient and tumor characteristics are summarized in
the left part of Table 1. A total of 90 patients were analyzed. Men
and women were evenly represented, and the median age at
diagnosis was 66 years (range 25-80 years). All patients indicated
for SBRT were in good general condition, with a Karnofsky index
of at least 70%. The most common primary tumors were
colorectal cancers (37 patients, 41%). The initial dissemination
of the primary tumor was in 19 (21%) patients. Within 12
months of their primary tumor, another 26 (29%) patients

developed metastases. In half of the cohort, the first metastases
occurred after 12 months.

The description characteristics of OD currently intended for
SBRT are listed in the right column of Table 1. Metastatic lymph
nodes were most frequently located in the retroperitoneum (40
patients, 44%) and mediastinum (33 patients, 37%). In the
majority of cases, one metastatic node was irradiated (60
patients, 67%). Patients with two lesions (21 patients, 23%),
three lesions (seven patients, 8%), and four lesions (four patients,
2%) made up the remaining cases.

In 32 (36%) patients, the treated oligometastases were the first
sign of dissemination (de-novo OD). The other 58 (64%) patients
had been successfully treated in the past for metastatic disease and
were currently indicated for SBRT for new oligodissemination.
Half of these patients had a history of oligodissemination (repeat
OD), and the other half had former multiple metastases (induced
OD). Most patients (66 patients, 73%) were not under active
systemic therapy at OD diagnosis. The median time without
systemic treatment was eight months (range 1-96 months). The
other patients had ongoing systemic therapy with a median
duration of 12 months (range 4-80 months) at the time of OD
diagnosis. No patient in our cohort was treated with concurrent
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TABLE 1 | Patients’ clinicopathological characteristics (left) and characteristics of oligometastatic disease intended for SBRT (right).

Clinicopathological characteristics of patients (N = 90)

Characteristics of oligometastatic disease intended for SBRT

(N =90)

Gender Locality of lesions
Female 45 (50%) Mediastinum 33 (37%)
Male 45 (50%) Pelvis 17 (19%)

Age (years) Retroperitoneum 40 (44%)
Median (IQR) 66 (565-71) Number of lesions
Range 25-80 1 60 (67%)

Karnofsky index 2 21 (23%)
70 3 (3%) 3 7 (8%)
80 20 (22%) 4 2 (2%)
90 51 (57%) History of dissemination
100 16 (18%) De-novo 32 (36%)

Primary tumor Repeat 29 (32%)
Colorectal 37 (41%) Induced 29 (32%)
Gynecologic/Prostatic 6/3 (10%) Relation of OD to systemic therapy
Renal/Bladder/Pancreas 9/4/1 (16%) Oligorecurrence 66 (73%)
Breast 9 (10%) Oligopersistence 7 (8%)
Lung 10 (11%) Oligoprogression 17 (19%)
Melanoma/Sarcoma 5/3 (9%) Months from last therapy
Head and neck 3 (3%) (oligorecurrence)

Primary histologic type median (IQR) 8 (4-22)
Adenocarcinoma 46 (52%) range 1-96
GIST 9 (10%) Months of ongoing systemic therapy
IDC 9 (10%) (oligopersistence and oligoprogression)

SCC 9 (10%) median (IQR) 12 (8-23)
Other 16 (18%) range 4-80
NS 1

Initial disease staging
MO (initially localized) 71 (79%)

M1 (initially disseminated) 19 (21%)

Timing of initial dissemination
At time of primary tumor 19 (21%)

Within 12 months of primary tumor 26 (29%)
More than 12 months after primary tumor 45 (560%)

SBRT, stereotactic body radiation therapy; N, number; IQR, interquartile range; GIST, gastrointestinal stromal tumor; IDC, invasive ductal carcinoma; SCC, spinocellular carcinoma; NS,

non-specified; OD, oligodissemination.

chemotherapy; targeted therapy was also always discontinued at
least one week before and one week after SBRT.

The parameters of SBRT treatment and lesion size are given
in Table 2. The median GTV size was 10.6 cm” (range 0.4-110.2
cm?®). The tumor lesion size corresponded to the size of PTV
(median 27.4 cm?>; range 3.3-218.4 cm?). Patients were most
often irradiated in five fractions; the dose was selected according
to dose-volume histograms (DVHs) of risk organs surrounding
the target PTV volume. More than one-third of the patients were
irradiated utilizing schedule 35 Gy in five fractions (35 patients;
39%). A further 29 (32%) patients were irradiated with 30 Gy in
five fractions and 11 (12%) patients with 40 Gy in five fractions.
The median biological dose equivalent (at &/f3 = 10) was 60 Gy
(range 48-112 Gy). Only 19 (21%) patients were indicated for
systemic treatment immediately after SBRT. According to ICRU
recommendations (33), the minimum and maximum doses in 2
and 98% of GTV and PTV volumes were also evaluated.

Treatment-Related Toxicity

No grade III or IV toxicity was observed. The most common side
effect was mild grade I fatigue, often associated with the need to
travel for therapy. Other acute adverse events grade I to IT occurred
in five patients (6%)—nausea and lumbar pain (SBRT of

retroperitoneum), difficulty swallowing, anorexia, and increased
mucous production (SBRT of mediastinum) and proctitis (SBRT of
the pelvis, pararectally located tumors). Late side effects were
observed in only two patients. One patient developed a post-
radiation cough associated with post-SBRT infiltrate in the left
pulmonary hilus. In the second patient who underwent the SBRT
of two nodes in the mediastinum, a traumatic vertebral fracture
occurred in the previously irradiated terrain.

Treatment Outcomes (Time to Event Data)
The median follow-up after SBRT was 34.9 months (95% CI
32.6-43.0). At the time of analysis in August 2020, 58 patients
(64%) were still living, and 28 (31%) patients had died from a
cancer-related cause. A total of 34 (38%) patients were free of
disease and were free of chemotherapy or biological treatment
(four patients medicate with hormonal pills). Local recurrence at
the irradiation site occurred in 19 (21%) cases, 16 of them with
another distant dissemination. These patients were referred for
systemic treatment or symptomatic therapy if their general
condition worsened. Any progression types (local, regional, or
distant) were observed in 66 patients (73%).

Median LC was not reached. The probability of absence of local
progression at three and five years was 68.4% and 56.3%,
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TABLE 2 | SBRT characteristics.

(N =90)

GTV (cm?) BED,, (Gy)
median (IQR) 10.6 (5.2-18.5) median (IQR) 60 (48-60)
range 0.4-110.2 range 48-112

PTV (cm?) Fractionation
median (IQR) 27.4 (14.9-45.2) 3 x 15Gy 1(1%)
range 3.3-218.4 3 x 9Gy 1(1%)

Dmin (Gy) 5 x 6.5Gy 5 (6%)
median (IQR) 33.5 (29.6-36.9) 5 x 6Gy 29 (32%)
range 23.9-51.9 5 x 7.6Gy 3 (3%)
<30 29 (32%) 5 x 7Gy 35 (39%)
30-37 38 (42%) 5 x 8Gy 11 (12%)
>37 23 (26%) 5 x 9Gy 4 (4%)

Dmax (Gy) 8 x 5Gy 1(1%)
median (IQR) 36.1 (31.2-41.6) Chemo after SBRT 19 (21%)
range 30.3-58.6 Acute side effects 5 (6%)
<37 54 (60%) Late side effects 2 (2%)
>37 36 (40%)

SBRT, stereotactic body radiation therapy; GTV, gross tumor volume; IQR, interquartile
range; PTV, planning target volume; Dmin, minimum dose; Dmax, maximum dose; BED,
biological equivalent dose; Gy, Gray.

respectively (Figure 2A). One-third of patients treated with SBRT
for OD of lymph nodes did not develop distant relapse that was not
amenable to resection or local ablation therapy (via SBRT, radio-
frequency ablation, or embolization) within five years. The
observed median FFWD was 14.6 months (Figure 2B).

The median PFS was 9.4 months. Approximately one-fifth of
patients (19.8%) were progression-free within three years from
SBRT (Figure 2C). The necessity of systemic therapy has a
significant effect on patient quality of life. In our cohort of
patients, the median time to activate systemic therapy was 14.0
months, with a five-year FFST rate of 23.5% (Figure 2D). The
overall survival rate at three and five years was 61.8 and 39.3%,

respectively (Figure 2E). Median OS was 53.1 months. During
follow-up, 32 (35.6%) patients died, four of whom died without
direct relation to cancer.

Patient demographic characteristics, such as age and gender,
did not significantly influence survival outcomes except OS. Men
had a higher risk of death (HR 2.5, p = 0.012), apparently
concerning the unequal distribution of primary tumors. The
nature of the primary tumor, together with the initial occurrence
of metastases concurrently with the primary tumor, had a major
impact on patient prognosis. Tumor aggressiveness expressed by
the time to initial dissemination was a negative prognostic factor.
The initial dissemination statistically significantly shortened the
time to relapse, death, or activation of systemic treatment—LC
(HR 4.8, p < 0.001), FFWD (HR 2.8, p = 0.001), PES (HR 2.1, p =
0.011), FFST (HR 2.4, p = 0.005), OS (HR 2.2, p = 0.034). These
results point to higher aggressiveness of the initially disseminated
tumors requiring higher radiation doses combined with the
maximum possible systemic treatment. Besides, patients
classified as having radioresistant tumors had significantly
higher risk in terms of LC (HR 13.8, p = 0.010), FFWD (HR
3.1, =0.006), PES (HR 3.5, p < 0.001), FFST (HR 3.2, p = 0.003).
Moreover, multivariable analysis detected significantly worse
survival outcomes for initially disseminated patients as well as
separately in groups according to radiosensitivity (Figure 3).

The patients under systemic therapy at the diagnosis of
oligometastatic disease intended for SBRT had longer time to
local progression (HR 3.8, p = 0.056, Figure 4A). The patient’s
disease history before a diagnosis of OD intended for SBRT has a
crucial role in decision making concerning oncological treatment.
We analyzed survival outcomes depending on the patients’ previous
diagnoses of metastatic disease. Patients with a history of
polymetastatic or oligometastatic disease had a higher risk of
distant dissemination than patients with de-novo OD—FFWD

FIGURE 2 | Kaplan-Meier curves for (A) local control, (B) freedom from widespread dissemination, (C) progression-free survival, (D) freedom from systematic
treatment, and (E) overall survival. Dashed lines represent medians. Nested tables include selected characteristics with 95% confidence intervals. NA, Not available.
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test for the multivariable model.

FIGURE 3 | Kaplan-Meier curves according to radiosensitivity of primary tumor and timing of initial dissemination for (A) local control, (B) freedom from widespread
dissemination, (C) progression-free survival, (D) freedom from systematic treatment, and (E) overall survival. The p-values given correspond to the appropriate overall

confidence intervals (Cls).

(HR 2.3, p = 0.009, Figure 4B). The difference in PFS (HR 1.6, p =
0.078) and FFST (HR 1.7, p = 0.059) did not reach statistical
significance (Figures 4D, E). Neither LC (p = 0.490) nor OS (p =
0.260) was affected by the patient’s disease history.

The higher number of treated lesions (two to four lesions)
increased the risk of distant dissemination not amenable to
resection or locally ablative therapy—FFWD (HR 1.8, p =

FIGURE 4 | Kaplan-Meier curves for (A) local control according to the relation of OD to systemic therapy, (B) freedom from widespread dissemination,
(D) progression-free survival, (E) freedom from systematic treatment according to the history of dissemination, (C) freedom from widespread dissemination according
to the number of lesions, and (F) freedom from systematic treatment according to the locality of lesions. Panels include corresponding hazard ratios (HR) with 95%

0.040, Figure 4C). The metastases localized in the pelvic area
caused a more frequent disease progression, which was related to
an earlier indication for systemic therapy (p = 0.041, Figure 4F).

SBRT is a local treatment method for cancer diseases. Thus,
the essential treatment parameter is the applied dose (Dmin,
Dmax, and BED) and its distribution over time (fractionation).
Dose and fractionation are primarily related to the location and
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FIGURE 5 | Kaplan-Meier curves according to applied dose expressed by (A) Dmin for local control and Dmax (B-D) for (B) freedom from widespread
dissemination, (C) local control, and (D) freedom from systematic treatment. Panels include corresponding hazard ratios (HR) with 95% confidence intervals (Cls).

dimension of lesions. We observed an association of LC with the
minimal applied dose on the borderline of significance but not
with maximal applied dose. On the contrary, maximal applied
dose affected any distant metastases’ appearance and the
associated time to activate systemic treatment. The results of
the applied dose in relation to survival outcomes are summarized

in Figure 5, where we categorized Dmin and Dmax into groups
using empirically chosen cut-off values. The univariable analysis
did not show an association of other SBRT characteristics with
the observed survival endpoints.

The complex multivariable analyses with backward
elimination (Table 3) identified the significance of primary

TABLE 3 | Multivariable analyses for time-to-event endpoints.

LC
p-value

HR (95% CI)

FFST
p-value
HR (95% CI)

PFS
p-value
HR (95% CI)

FFWD
p-value
HR (95% CI)

Primary tumor type p=0.011

Radioresistant vs radiosensitive

Timing of initial dissemination p = 0.007
Initial vs. later 4.1 (1.5,10.8)
Relation to systemic therapy p = 0.061
Oligorecurrence vs. Oligoprogression + Oligopersistence 3.1 (1.0,15.3)

Locality of lesions
Medliastinum vs. retroperitoneum
Pelvis vs. retroperitoneum
Number of lesions

2-4vs. 1

Dmax

<37 vs. 237

11.2 (1.5,1423)

p = 0.006 p = 0.001 p = 0.003
3.5(1.4,8.5) 3.4 (1.6,7.1) 3.4 (1.5,7.7)
p =0.003 p =0.030 p = 0.007
2.8 (1.4,5.5) 1.9(1.1,3.3 2.5(1.3,4.7)
p =0.042 p = 0.036
2.7 (1.3,5.8) 1.6 (0.8,3.2)
1.5(0.7,3.1) 2.4 (1.2,4.6)
p =0.011 p = 0.054
2.2(1.2,3.9) 1.7 (1.0,3.1)
p =0.074
1.9(0.9,4.1)

LC, local control; FFWD, freedom from widespread dissemination; PFS, progression-free survival; FFST, freedom from systemic treatment; HR, hazard ratio, Cl, confidence interval; OD,

oligodissemination.
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tumor aggressiveness for all treatment endpoints (Figure 3), in
addition, for LC in combination with relation OD to systemic
therapy, and for FFWD and FEST in combination with the lesion
locality and number of lesions and (only for FFWD) with Dmax.

DISCUSSION

Oligometastatic involvement of the lymph nodes after treatment
of the primary tumor appears in 15-20% of cases and depends on
its location and histology (34, 35). Several studies have shown
improved patient survival after complete resection of
retroperitoneal, intraabdominal, and paraaortic lymphatic
relapses (36). However, surgical resection of such involvement
is technically challenging, and RO resection is difficult to achieve
(37). Any previous treatment also increases the risk of surgical
complications. Such patients are often indicated for systemic
treatment—chemotherapy, targeted therapy, or its combination.
SBRT, with its potentially ablative doses of radiation, offers an
effective alternative to surgery (4). In the present study, local
control at 1, 2, 3, 4 and 5 years is approximately 95, 75, 68, 64,
and 56%, respectively. Over the same period, PFS is 41, 23, 23, 19,
and 19%, and OS is 94, 79, 62, 53, and 39%, respectively.

In Jereczek-Fossa et al. (38), 69 patients underwent the SBRT
for oligometastases in lymph nodes (38). The authors report one-
year local control of 81.6% and three-year local control of 64.3%.
Median PFS was 8.27 months, and three-year PFS was 11.7%.
The median OS was 35.4 months. Yeung et al. (39) included 18
patients and reported a one-year local control of 94%, but a two-
year local control was only 47%. They also reported a one-year
PES of 39%, a two-year PES of 17%, a one-year OS of 89%, and a
two-year OS of 74%. Despite the high doses (median BED;, =

59.5 Gy), the worse local control result could be explained by a
high proportion of gastrointestinal tract tumors, especially
colorectal cancers, which are considered less sensitive to
radiotherapy (37). Loi et al. (40) retrospectively evaluated 87
patients. Their four-year local control and overall survival were
high, 79 and 43%, respectively. Franzese et al. (41) recently
reported a group of 278 patients with a median follow-up of 15.1
months LC at 1 and 2 years 87.2 and 76.8%, respectively. Better
LC was associated with prostate primary tumor, a small tumor
volume, oligorecurrence, and BED;, 275 Gy. One-year OS was
88.4%, and a two-year OS was 73.9%. This study is the most
extensive, which includes lymph node oligometastases treated
with SBRT. Selected recent SBRT studies evaluating the
treatment of lymph node oligometastases are summarized in
Table 4 (6, 38-45).

The local control achieved in our patients is comparable or
better to previously published studies. Yeung et al. reported a
lower 3-year LC (47%), explained by a higher number of
colorectal cancers and application of SBRT alone, without
concurrent systemic treatment (39). The same procedure was
used in Jereczek-Fossa et al. with similar results (42). In our
study, LC was very good (95 and 68% at 1 and 3 years,
respectively) despite the high number of colorectal cancers
(41%) and irradiation without concomitant systemic treatment.
Besides, in our cohort, the minimum dose in target volume
(represented by Dmin in GTV) influences local control. The
lower Dmin is always related to the undertreatment of part of the
target volume, which is in close proximity to an organ at risk
(e.g., duodenum). In our study, LC was worse for patients with
Dmin <30 Gy. These observations indicated that the volume of
lymph node oligometastases irradiated by a lower dose than 30
Gy in five fractions should be as minimal as reasonably

TABLE 4 | Selected recent SBRT studies evaluating the treatment of lymph node oligometastases.

Author, year No. ofpatients Primary tumor Dose BED;o Local control Overall survival Toxicity
Franzese, 2020 (41) 278 various 24-54 Gy/ 78.8 Gy 87.2% 88.4% 1xgr. 3
3-8 fr. (87.5-105.6) (1 year) (1 year)
76.8% 73.9%
(2 years) (2 years)
Loi, 2018 (40) 91 various 40-48 Gy/ 86 Gy 79% 43% 1x acute gr. 3
5-6 fr. (83-113) (4 years) (4 years) no late gr. 3
Yeung, 2017 (39) 18 GIT 31-60 Gy/ 59.5 Gy 47% 74% nogr.3or4
4-10 fr. (54.8-105) (2 years) (2 years)
Jereczek—Fossa, 2017 (42) 94 prostate median 43 Gy 84% - nogr.3or4
24 Gy/3 fr. (2 years)
Wang, 2016 (43) 22 various median 70 Gy 91% 79% -
39 Gy/5 fr. (1 a 3years) (1 year)
43%
(38 years)
Ost, 2016 (44) 72 prostate 94% . nogr. 3or4
(8 a5 years)
Jereczek—Fossa, 2014 (38) 69 various median 43 Gy 64% 50% 3x acute gr. 3
24 Gy/3 fr. (8 years) (3 years) 1x late gr. 4
Bignardi, 2011 (7) 19 various 24-36 Gy/ 78% 93% no acute gr. 3
1-51r (2 years) (2 years) 1x late gr. 3
Choi, 2009 (45) 30 cervix, corpus 33-45 Gy/ 67% 50% 6x acute gr. 3
3 fr. (4 years) (4 years) 1x late gr. 3

No., number; Gy, Gray; fr., fraction; gr., grade; GIT, gastrointestinal.
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achievable. Nevertheless, the forced undertreatment in the
target volume parts near some radiosensitive structure is
sometimes inevitable.

Many published studies have also shown better efficacy of
ablative doses of radiation (where the biological equivalent of the
applied dose exceeds BED;y 2100 Gy) compared to lower doses
(46). However, without the most advanced technology, as is MRI
guidance, the doses applied to the involved lymph nodes are
usually lower. For this reason, the most frequently prescribed
fractionation in our population was 35 Gy in five fractions, and
the median biological equivalent of BED;, was 60 Gy (range 48—
112 Gy), corresponding to the gradual development of the
learning curve. With appropriate tools and technology, an
ablative dose can be given to nodal targets. For example,
publications show the feasibility of safely dose-escalating
targets such as lymph nodes using MRI guidance (47-49).
Even without MRI guidance, Franzese et al. (41) report a
higher BED;, (median 78.75 Gy). Nevertheless, LC in years 1
and 2 was comparable to our results. A longer follow-up is
needed to compare these results further.

In contrast to very good LC, one and three-year PES was
relatively low (41 and 23%), confirming the generally local
therapeutic potential of radiotherapy. These values also
correspond to the published data; Yeung et al. reported 17%
PES at two years and Jereczek-Fossa 12% PFS at three years. Most
of our patients only progressed outside the irradiated area.
Whether local progression occurred at the irradiation site, it
was almost always associated with multiple dissemination
outside the irradiated volume. Reported PFS estimation open
discussion about the administration of systemic treatment
immediately after solitary lymphatic metastasis is found, or
discussion about avoiding indication to SBRT in these cases at
all. Conversely, it should be considered that almost a fifth of the
patients had been free of signs of disease for five years after the
minimal-toxic SBRT and without the need for any other cancer
treatment. This number also corresponds to published data after
SBRT oligometastasis in the other sites (liver, lung, etc.) (7, 50).
Approximately 20-25% of oligometastatic patients are free of
disease signs for a long period after local treatment, and there is
no need to include systemic therapy.

An important observation was the significant difference in
all survival parameters in relation to the initial staging of the
disease. Specifically, statistically significant differences were
found between the group of patients with initially
disseminated primary tumor and the group with metastases
onset after the completion of primary treatment. Survival
differences were observed from both the general disease
control point of view (PFES, p = 0.011; FFWD, p = 0.001; OS,
p = 0.034; FFST, p = 0.005), and in local control parameters
(LC, p < 0.001). No difference in the volume of PTV as well as
in the prescribed dose (Dmin, Dmax, BED) was observed
between these two groups. These results indicate higher
aggressivity of initially disseminated cancer where it is
needed maximum possible systemic treatment and a higher
radiotherapy dose. Considering that availability of state-of-
the-art RT facility equipped by technology for SBRT (or even

more advanced technology employing MR guided systems) is
still limited, there are specialized centers which provide
service to a large region. Especially for extramural patients
referred from distant workplaces, it is important to obtain
all clinical data about the patient’s disease course
irrespective of the possible limited availability of referring
medical oncologists.

Future biomarker studies could also identify a subset of
patients who have responded to this treatment over an
extended period and can benefit from maximum local
therapeutical access. These patients could be distinguished
from those who would be overtreated by SBRT or even in
which the administration of radiotherapy would mean an
unnecessary delay in the required chemotherapy (51).

In total, 15 (16.7%) patients of our group progressed beyond
the irradiated volume after SBRT again with only
oligometastases, which could be re-indicated for local therapy
(SBRT, RFA, etc.). This allowed further delay of cytotoxic
chemotherapy or another type of systemic treatment. Our
analysis also assessed the time to multiple progression, which
no longer allows the use of local treatment methods (FFWD) and
the time to indicate systemic treatment (FFST). Postponing
chemotherapy and its side effects thereby improve patients’
quality of life.

Regional relapses or distant oligometastases during follow-up
after SBRT should not be a reason to contraindicate other local
treatment methods; on the contrary, local treatment methods
should be indicated wherever possible to postpone systemic
treatment initiation further. In accordance with the fact that all
these patients are treated de facto with palliative intent, an
attempt is made to indicate systemic therapy as late as
possible; unless, of course, there is no other clear evidence for
immediate administration of chemotherapy or another type of
systemic treatment. Further studies will also be required to
suggest the optimal timing of SBRT in the treatment of
these patients.

The overall survival of patients in our study (unselected
cohort treated outside of clinical trials, i.e., real-world
evidence) did not differ from the published data. Despite
further dissemination, the overall survival rate of these patients
was high. Such evidence can help raise the level of evidence of
SBRT and its use in routine clinical practice.

The toxicity in our cohort was minimal, with very good local
control. SBRT is generally a short, well-tolerated treatment
(mostly outpatient) requiring no special training or significant
reduction in patients’ quality of life.

We are aware of some limits of our study; first of all, it is
necessary to point out the retrospective character of the
monitoring, a limited number of patients, and for this reason,
it is currently impossible to statistically evaluate efficacy based on
tumor type or histology. Also, dose heterogeneity does not allow
an optimal treatment strategy to be identified, especially in
patients with tumors at higher risk of local failure or early
distant spread. The overall survival assessment is biased, of
course, on the heterogeneity of further treatment after SBRT.
Nevertheless, for practitioners, the OS indicator is an important
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descriptive characteristic for their indication of this sophisticated
radiotherapy method (48).

CONCLUSION

Our study has shown that targeted stereotactic radiotherapy,
SBRT, is a minimally toxic and very effective local treatment for
oligometastatic lymph node involvement. It can delay the use of
cytotoxic chemotherapy with minimal patient effort and improve
patient quality of life. Less than one-fifth of patients treated in
this way survive without signs of disease for an extended period.
Identifying patients who benefit most from SBRT in the
treatment strategy, as well as its timing and the prescribed
dose, should be the subject of further studies.
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6.3. Oligometastazy kosti

Metastazy do kosti jsou Castym projevem diseminace a pii postiZzeni patefe mohou vést
k zavaznym komplikacim, vcetné zlomenin, silné bolesti a misni komprese. Tradicné
se metastdzy v patefi 1é¢i konvencni paliativni zevni radioterapii, pficemz davkovani
a frakcionac¢ni rezimy se obvykle pohybuji od 20 Gy v 5 frakcich po 30 Gy v 10 frakcich. Cilem
konvenéni RT je pfedevSim kratkodobé zmirnéni bolesti, nikoli jeji dlouhodobé potlaceni,
uplna uleva od bolesti nebo lokalni kontrola nadoru.

Stereotaktickd radioterapie patefe se zaCala vyuzivat pozdéji nez SBRT jater a plic,
protoze vyzaduje strmé davkové gradienty v rozmezi 10 az 20 % na milimetr a pfesnost dodani
davky mezi 1 az 2 mm (297). Jednou z hlavnich vyhod SBRT patefe — a SBRT obecné oproti
konvenéni RT — je vyssi mira lokalni kontroly, nejen pouhé zmirnéni piiznakt (298-300).
Vyznam lokalni kontroly stale roste, protoze pacienti s metastatickym onemocnénim Ziji déle.
V oblasti patefe mlze progrese vést k neurologickym obtizim, bolesti a omezenym moZznostem
patefe jsou pacienti s oligometastatickym onemocnénim, s minimalnim nebo Zadnym
epiduralnim postizenim a se zachovalou stabilitou patefe (300). Dulezitou indikaci je také
reiradiace, protoze tolerance michy k dal§imu konven¢nimu ozafeni je omezena, zatimco
pii SBRT lze nador bezpetné ozatit vyssi davkou pii dodrzeni davkovych limita (301). Dalsi
skupinou pacientd, ktefi mohou mit ze SBRT prospéch, jsou ti s radiorezistentnimi nadory, jako
je melanom, sarkom nebo renalni karcinom (302-304). Pro definovani indikaci a postupti byla
publikovana fada doporuceni (305,306).

Aplikované davky pii 1é€bé OMD v kostech se v riznych studiich znacné lisi.
Setkavame se s jednorazovym ozafenim (8 az 24 Gy) nebo hypofrakciona¢nimi schématy, jako
je 30 Gy v péti frakcich, 24-27 Gy ve dvou ¢i tfech frakcich a 35 Gy v péti frakcich. Dosud
vSak neexistuje jednoznacny diikaz, ktery by néktery z téchto rezimi upiednostiioval.

Retrospektivni data a mensi prospektivni studie naznacuji, ze SBRT muze zlepsit
lokalni kontrolu nadoru (60-95 % v prvnich letech po 1é¢b¢) a zmirnit bolest (40-90 %
pacientl), ale vysledky jsou zatim omezené. Ocekéva se, ze budouci randomizované studie
piinesou jasn¢jsi dikazy o ucinnosti SBRT a jeho vlivu na lokalni kontrolu, kvalitu zivota

a ulevu od symptomu.
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Tabulka ¢. 13: Vybrané studie SBRT pfi 1é¢bé oligometastaz patete. (167,307-310)

Studie,
rok
Guckenberger
etal., 2014
(retro)
Thibault et al.,
2015, (prosp)

Tao et al., 2016
(prosp review)

Bernard et al.,
2017 (retro)

Chang et al.,
2017 (retro)

N

301

37

66

127

60

FU

11,8

12,3

30

22,6

21

Davka, Lokalni Toxicita
frakcionace kontrola
24Gy (10-60Gy)  89,9% (1 rok)
3fr. (120 fr)  839% (2 roky) 2 Pac-G3
24Gy (18-30Gy)
2 fr. (1-5 fr) 83% (1 rok) 0 pac. G3
16-24Gy / 1 fr.
27Gy [ 3 fr. 85% (1 rok) 0 pac. G3
30Gy / 5 fr.
16-24Gy / 1 fr. 82,6% (1 rok)
24-27Gy | 3 fr. 75.8% (2 roky) NA
30Gy / 5fr. ’
gggz ; ; I: 92% (1 rok) 4 pac.
24Gy / 3 fr. 86% (2 roky) fraktura

Zkratky: N = pocet pacientt, FU = follow up, Gy = Gray, fr. = frakce, G = grade,
retro = retrospektivni, prosp. = prospektivni, NA = neuvedeno, pac. = pacient.
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/. Adjuvantni lécba ¢asného karcinomu prsu

Jednim z nejvétSich uspéchli preventivnich onkologickych programi v celosvétovém
méfitku je vyrazny nartist diagn6z casného stadia karcinomu prsu na ukor lokdlné pokrocilého
nebo diseminované¢ho onemocnéni. Toho bylo dosazeno zejména diky zavedeni screeningové
mamografie. Se zvySujicim se vyskytem nadorovych onemocnéni obecné, zejména
ve vyspélych zemich, roste i poptavka po 1é¢bé téchto pacientek, coz klade stale vysSsi naroky
na zdravotnicky systém, onkologicka centra a odd€leni radiacni onkologie.

Soucasnym standardem 1écby vétSiny pacientek s cCasnym karcinomem je prs
zachovavajici operace (breast-conserving therapy, BCT), ktera se sklada z parcidlni
mastektomie a nasledného ozaieni celého prsu (whole breast irradiation, WBI) (311,312).
Nekteré pacientky se vSak kviili nutnosti absolvovat dlouhodobou pooperacni radioterapii
rozhodnou pro totdlni mastektomii, ¢imz se vyhnou adjuvantnimu ozafeni. Standardni
adjuvantni radioterapie sestava z ozareni celého prsu po dobu 3-5 tydnt, s moznosti doplnéni
davky do nadorového luzka béhem dalSich 1-2 tydnu (boost). Celkové tedy pacientky
podstoupi 4-7 tydnt kazdodenniho ozatfovani.

Adjuvantni radioterapie jako lokalni 1é¢ba po primarnim opera¢nim vykonu ma za cil
eliminaci mikroskopické rezidudlni choroby v opera¢nim lizku a/nebo v okolnich satelitech
(313,314). Recidivy karcinomu se nejcastéji vyskytuji pravé v misté ptivodniho postizeni
(315,316). Nize uvedené randomizované studie prokazaly, ze u pacientek s velmi pfiznivymi
charakteristikami nadoru Ize ozafit pouze chirurgické luzko s lemem (partial breast irradiation,
PBI), pficemz lokalni kontrola onemocnéni i celkové pieziti pacientek jsou srovnatelné
s vysledky po ozafeni celého prsu (WBI) (317-323). Na zaklad¢ téchto studii odborné
spole¢nosti ASTRO a ESTRO (American and European Society of Radiation Oncology)
doporucuji c¢astecné ozatreni prsu (PBI) namisto WBI u vybranych pacientek s casnym
karcinomem (324-326). Jednou z hlavnich vyhod PBI je zkraceni 1é¢by na nékolik dni diky
vyuziti akcelerovaného frakciona¢niho rezimu (accelerated partial breast irradiation, APBI).
V soucasnosti je optimalizace techniky APBI jednou z priorit radia¢ni onkologie.

Existuje fada technickych moznosti, jak PBI (APBI) provést — intersticialni
brachyterapie (BRT), =zevni radioterapie (zevni APBI), intraopera¢ni radioterapie
(intraoperative radiotherapy, IORT) ¢i nové pristupy vyuzivajici magnetickou rezonanci
fizenou radioterapii (MR-guided radiotherapy, MRgRT) (327,328). Volba techniky zavisi nejen

na pristrojovém vybaveni pracovisté, ale také na erudici persondlu. Nejvice dlouhodobych dat

58



je v literatufe dostupnych pro brachyterapii (BRT), avsak jeji invazivita a nutnost celkové
anestezie mohou byt pro nékteré pacientky limitujici (320-323,329-333). Proto se v poslednich
letech stale vice uplatituje APBI ve form¢ zevniho ozaieni.

Klinické studie prokazaly proveditelnost zevniho APBI jak v adjuvantni indikaci
po parcialni mastektomii, tak i v neoadjuvanci pfed planovanou operaci (317,334-336).
Klasickd 3D konformni radioterapie (3D-CRT) vSak byla spojena s vy$sim rizikem koznich
reakci a horSimi kosmetickymi vysledky. Tento fakt byl zplisoben zejména nutnosti zvéetsit
bezpecnostni lem, aby se kompenzovaly nepiesnosti béhem ozafeni, véetné pohybl prsu
pfi dychani (337-339). ReSenim je vyuziti pokrodilych technik b&zné pouZivanych
pfi stereotaktické radioterapii, jako jsou: Obrazem fizena radioterapie zamétena na klipy v lazku
tumoru pomoci CT navigace na linearnim urychlovaci (IGRT), ozafovani v hlubokém nadechu
k minimalizaci pohybu prsu pii dychani (DIBH), rychla a piesna aplikace davky pfi tzv. ozafeni
kyvem (VMAT), vyuziti svazku bez homogeniza¢niho filtru o vysokém davkovém piikonu
(flattening filter free, FFF) ¢i korekci polohy pacientky na ozafovacim stole se 6 stupni volnosti
(108,109,340-343).

V prospektivni studii Rodriguez et al. bylo 102 pacientek randomizovano do skupiny
WBI (48 Gy / 24 frakci = 10 Gy boost) nebo APBI (37,5 Gy / 10 frakci, 2x denn¢) (319). Po
5 letech nebyly mezi skupinami zjistény zadné rozdily v Cetnosti recidiv ani v celkovém preziti.
APBI vedlo k nizsi akutni toxicité, zatimco pozdni toxicita i kosmeticky efekt byly srovnatelné
v obou skupindch. Vyznamné multicentrickd studie IMPORT LOW randomizovala 2016
pacientek do tfi ramen: WBI (40 Gy / 15 frakci), WBI se snizenou davkou (36 Gy na cely prs
a 40 Gy kolem Ituzka nadoru) a PBI (40 Gy / 15 frakci) (344). Po 72 mésicich nebyly mezi
skupinami rozdily v lokalni kontrole (LC) ani celkovém prieziti (OS). PBI vykazovalo nizsi
vyskyt nezadoucich ucinkl ovliviiujicich vzhled a pevnost prsu.

Livi et al. neprokazali rozdily v LC ani OS mezi APBI (30 Gy /5 frakci) a WBI (50 Gy
/ 25 frakci + 10 Gy / 5 frakei boost) (317,318). APBI vykazovala vyrazné lepsi profil toxicity.
Autofi rovnéZ porovnali funkéni stav a kvalitu Zivota pacientek pomoci dotazniki QLQ-C30
a BR-23 (317). Porovnani vysledka po ukonc¢eni 1é¢by a po 2 letech vyznélo Iépe pro pacientky
ve skupin¢ APBI. Po 10 letech sledovani nebyl mezi obéma skupinami zadny vyznamny rozdil
v poctu ipsilateralnich recidiv, regionalni kontrole spadovych uzlin ani celkovém pieziti (345).

Ve studii RAPID (2135 pacientek) bylo WBI (50 Gy / 25 frakci nebo 42,5 Gy / 16
frakci) porovnano s APBI (38,5 Gy / 10 frakci, 2x denn¢) (339,346). APBI bylo non-inferiorni
z hlediska poctu ipsilateralnich recidiv a akutni toxicity, ale vedlo k vyssi pozdni toxicité

a hor§im kosmetickym vysledkiim po 3, 5 a 7 letech. Autofi uvedli, Ze Sestihodinovy interval
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mezi frakcemi je pro reparaci tkdné nedostateny. Italska studie IRMA (983 pacientek)
porovnavala WBI (50 Gy / 25 frakci £ 10 Gy boost) s APBI (38,5 Gy / 10 frakci, 2x denn¢)
(347). Na rozdil od studie RAPID nebyly po 5 letech mezi skupinami rozdily v kosmetickém
efektu ani toxicite.

Studie NSABP B-39/RTOG 0413 zahrnula 4216 pacientek, randomizovanych do skupin
WBI (50 Gy / 25 frakei + 10 Gy boost) a APBI (34-38,5 Gy / 10 frakei, 2% denné, bud’ BRT
nebo zevni RT) (348-350). Nebyl zjistén rozdil v celkovém pieziti (OS), pieziti bez piiznaki
nemoci (DFS) ani v toxicité. Po 10 letech APBI nesplnilo kritéria non-inferiority pro lokalni
recidivu (4,8 % vs. 4,1 % pro WBI), i kdyz absolutni rozdil mezi skupinami byl < 1 %. VSechny
zakladni studie APBI zahrnovaly pacientky s nizkym rizikem (> 40-50 let, invazivni nadory
< 2,5-3 cm s volnymi okraji, hormonaln€ dependentni karcinomy bez postizeni uzlin). Pfestoze
nékteré studie umoznily zatfazeni pacientek s uzlinovym postizenim (pN1mic nebo pN1), jejich
zastoupeni bylo s vyjimkou studie NSABP B-39 velmi nizké, coz mohlo ovlivnit vysledky.

Na zdkladé vySe uvedenych studii lze ptedpokladat, Ze onkologové specializujici
se na nadory prsu pfijmou APBI jako rozumnou alternativu k WBI u vhodné vybranych
pacientek. V dlouhodobém horizontu se rovnéz zda pravdépodobné, ze pacientky budou
preferovat kratkodoby, neinvazivni a minimaln¢ toxicky rezim aplikovany zevni radioterapii.

Davkové schéma 30 Gy v 5 frakcich je pro adjuvantni ozafeni vyhovujici. Qi et al.
popsali pomér o/p (zakladni radiobiologicky parametr) nadort prsu jako relativné nizky (o/p =
2,88), a proto mize byt vysokodavkovana radioterapie velmi piinosna, podobné jako
u karcinomu prostaty (351). Pfi pouziti linearniho kvadratického modelu (LQ model)
a za predpokladu poméru o/p = 3 je frakcionace 30 Gy v 5 frakcich jednou denné ekvivalentni
54 Gy podanym standardni frakcionaci po 2 Gy denn¢. Pokud by byl pomér o/p roven 2,5, pak
by ekvivalentni davka pti standardni frakcionaci ¢inila 56,7 Gy. Nekteré studie pouzily
u externi APBI schéma 10 frakci béhem 5 dnil, tedy dvakrat dennd (339,346,349). Udaje
0 preferencich pacientek jsou vSak omezené, nicméné jak pacientky, tak 1ékafi povazuji dvakrat
denni ozafovani za komplikované a ne zcela optimalni (352,353). Kanadska faze III studie
RAPID prokazala, ze pozdni toxicita a kosmetické vysledky byly pfiznivéjsi u WBI (339,346).
Ve studiich, které pouzily davkové schéma 30 Gy v 5 frakcich jednou denn€, byl popsan velmi
ptiznivy profil toxicity (317,318,354). Tento rezim se tedy zda byt optimalni.

Klicovym faktorem ovliviiujicim toxicitu je také velikost cilového objemu. Klinické
studie vyuzivajici techniku 3D-CRT byly spojeny s vys$§im vyskytem koznich reakci a hor§imi
kosmetickymi vysledky, zejména kvili nutnosti zahrnout vétSi bezpeCnostni lemy

ke kompenzaci nepfesnosti béhem ozafovani, véetné pohybu prsu pii dychani (337-339,355).
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Medidn objemu PTV v publikovanych studiich vyuZivajicich 3D-CRT ¢inil 269 cm?, 296 cm?
a 185 cm? (355). Jiné studie naznacuji, ze objemy PTV do 150-180 cm? jsou bezpecné pro
aplikaci davky 30 Gy v 5 frakcich. Navic dvé studie, které pouzily tento davkovy rezim,
prokazaly, Ze samotné zmenSeni ozafeného objemu vede ke snizeni pozdni toxicity (344,356).

Nakonec je tfeba zminit, Ze nékteré pacientky s nizkorizikovym karcinomem prsu, které
byly zatazeny do studii APBI, by mohly byt vhodnymi kandidatkami pro uplné vynechéni
adjuvantni radioterapie. Publikované metaanalyzy prokazaly, ze vynechani celkového ozareni
prsu (WBI) u peclivé vybranych pacientek nema vliv na celkové pieziti, ale je spojeno s vyrazné
vysSim rizikem lokalni recidivy (357,358). Tento postup se voli zejména u pacientek
se zhorSenym klinickym stavem nebo zdvaznymi komorbiditami, u nichZ se neptedpoklada
vyrazny piinos radioterapie v prevenci rekurence onemocnéni ve stejné prsni Zlaze.

Druhym pilifem péce o pacientky s ¢asnym karcinomem prsu je hormonalni terapie,
ktera vsak muze negativné¢ ovlivnit kvalitu zivota (QoL) kvili nezadoucim u¢inkim
na kardiovaskularni systém, kostni hustotu, sexualitu a kognitivni funkce (359). Proto se
v onkologické komunité¢ zkouma, zda by APBI mohlo u pacientek s velmi nizkym rizikem
recidivy (napf. star$i v€k, luminal-A typ nadoru) bezpecéné nahradit hormonalni terapii (360).
V takovém piipad¢ by kombinace dvou hlavnich vyhod parcidlniho ozafeni prsu — vyrazného
zkraceni celkové doby radioterapie a nizsi toxicity oproti WBI — spolu s eliminaci
dlouhodobych nezddoucich ucinkii hormonalni terapie mohla vyznamné pfispét ke zlepSeni
kvality Zivota pacientek.

Technika zevniho APBI, vyuzivajici principy cilené radioterapie, se podle fady studii
ukazala byt méné toxickou a snadné&ji proveditelnou alternativou adjuvantniho ozateni
nizcerizikovych karcinomi prsu po prs zachovavajici operaci, neZ dosud bézné pouzivané
akcelerované rezimy ozafeni celého prsu. V soucasné dob¢ dochazi k rychlému rozvoji novych
1écebnych mozZnosti pro pacienty s nddorovymi onemocnénimi. Moderni systémova 1é€ba, jako
je imunoterapie nebo cilena terapie, je vSak ve vétSin¢ ptipadt velmi nakladna (tzv. finanéni
toxicita) a predstavuje vyznamnou cCast nakladi vynakladanych na 1écbu onkologickych
pacientt, a to nejen v CR. Podobné obavy se tykaji také zavadéni nejmodernéjsich
radioterapeutickych systému. Vyuziti standardniho linedrniho urychlovace, schopného pokryt
Siroké spektrum pacientl, umozituje v kazdodenni praxi ozadfeni vétSiho poctu pacientl
v blizkosti jejich domova. Tim dochazi k optimalizaci 1é¢by z pohledu pacienta
(personalizovana medicina v jistém slova smyslu) i k efektivnéjSimu rozdéleni financnich

prostiedktli z pohledu platct zdravotni péce a zdravotnich pojistoven.
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Tato publikace ptedstavuje finalni vysledky grantového projektu (AZV: NV19-03-00354, Trial
registration: NCT06007118), ktery hodnotil inovativni pfistup k adjuvantnimu ¢aste¢nému
ozafeni prsu jako soucasti prs zachovné terapie U pacientek s nizcerizikovymi karcinomy.

Dr. Burkoni byl hlavnim fesitelem projektu.

Ve srovnani s bé€zné pouzivanym ozafenim celého prsu nabizi metoda APBI (Accelerated
Partial Breast Irradiation) cilené ozafeni mensiho objemu tkané v krat§im case, coz vede
k vétsimu komfortu pacientek, nizsi toxicité a uspote nakladi. Nas pfistup zevniho APBI
provedené¢ho technikou extrakranialni stereotaktické radioterapie (SBRT) byl velmi dobie
tolerovany, snadno proveditelny a bezpecny. Tento rezim predstavuje atraktivni lé€ebnou
moznost, ktera je ¢inna i bezpe¢na. V dlouhodobém horizontu se kratkodoby rezim s jednou
denni frakci pravdépodobné stane preferovanou metodou, ktera optimalné vyvazuje G¢innost,

pohodli a nezddouci ucinky u pacientek podstupujicich adjuvantni ¢aste¢né ozaieni prsu.

Tato studie potvrdila uroven dikazt potfebnou k implementaci této techniky zevniho APBI
do bézné klinické praxe. Moderni trendy v radiacni onkologii ukazuji rychly posun smérem
k precizni mediciné (v kontextu radioterapie), pricemz nami zkoumana metoda piedstavuje
paradigmaticky posun smérem k efektivni deeskalaci 1é¢by u vybranych hormonsenzitivnich
casnych karcinomu prsu. V ramci ¢eské radiacni onkologie se jedna o prvni publikaci, ktera

se této problematice vénuje.
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Toxicity of external beam accelerated partial-
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Abstract

Background Accelerated partial breast irradiation (APBI) is an alternative breast-conserving therapy approach
where radiation is delivered in less time compared to whole breast irradiation (WBI), resulting in improved patient
convenience, less toxicity, and cost savings. This prospective randomized study compares the external beam APBI
with commonly used moderate hypofractionated WBI in terms of feasibility, safety, tolerance, and cosmetic effects.

Methods Early breast cancer patients after partial mastectomy were equally randomized into two arms— external
APBI and moderate hypofractionated WBI. External beam technique using available technical innovations commonly
used in targeted hypofractionated radiotherapy to minimize irradiated volumes was used (cone beam computed
tomography navigation to clips in the tumor bed, deep inspiration breath hold technique, volumetric modulated arc
therapy dose application, using flattening filter free beams and the six degrees of freedom robotic treatment couch).
Cosmetics results and toxicity were evaluated using questionnaires, CTCAE criteria, and photo documentation.

Results The analysis of 84 patients with a median age of 64 years showed significantly fewer acute adverse events in
the APBI arm regarding skin reactions, local and general symptoms during a median follow-up of 37 months (range
21-45 months). A significant difference in favor of the APBI arm in grade > 2 late skin toxicity was observed (p=0.026).
Late toxicity in the breast area (deformation, edema, fibrosis, and pain), affecting the quality of life and cosmetic effect,
occurred in 61% and 17% of patients in WBI and APBI arms, respectively. The cosmetic effect was more favorable in
the APBI arm, especially 6 to 12 months after the radiotherapy.

Conclusion External APBI demonstrated better feasibility and less toxicity than the standard regimen in the adjuvant
setting for treating early breast cancer patients. The presented study confirmed the level of evidence for establishing
the external APBI in daily clinical practice.

Trial registration NCT06007118.
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*Correspondence:
Iveta Selingerova
iveta.selingerova@mou.cz

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.



Burkon et al. Radiation Oncology (2024) 19:17

Background

The preferred treatment option for most patients with
early breast cancer (BC) is breast-conserving therapy
(BCT) [1], consisting of partial mastectomy and subse-
quent breast irradiation. Conventionally fractionated
whole-breast irradiation (WBI) with or without an addi-
tional tumor bed dose, time burdening patients, usually
taking 5-7 weeks, was standard for decades. Large phase
III trials have proved that overall irradiation time could
be reduced using hypofractionated WBI without com-
promising local control and warranting a good safety
profile [2, 3].

Partial-breast irradiation (PBI) has been introduced as
an alternative approach for adjuvant radiotherapy (RT)
after partial mastectomy in selected low-risk early BC
patients. Compared with WBI, estimated advantages of
PBI include shorter overall treatment time when RT is
accelerated (APBI, accelerated partial breast irradiation),
improved safety profile, and potential cost reduction [4].
Several large phase III trials demonstrated the noninfe-
riority of PBI versus WBI in terms of local recurrence
(LR) and similar or reduced toxicity at five years [5-9].
Recommendations for APBI have been published by both
the American Society for Radiation Oncology and the
Groupe Européen de Curiethérapie-European Society for
Radiotherapy Oncology [10-12].

There are several technical possibilities for APBI, such
as interstitial or intracavitary brachytherapy (BRT) or
external beam irradiation. Three-dimensional confor-
mal radiotherapy (3D-CRT) has been associated with a
higher risk of skin reactions and worse cosmetic results
[13-15], particularly because of the need to accommo-
date extra safety margins to compensate for inaccura-
cies during irradiation. APBI, based on the principles
of hypofractionation, has the advantages of being less
invasive and faster due to focusing on the target, using a
higher radiation dose per fraction, and reducing the dose
to the surrounding normal tissues. Moreover, it improves
the accuracy of treatment through the different currently
available machine devices, such as image-guided radio-
therapy (IGRT) aimed at clips in the tumor bed using CT
devices on the platform of linear accelerator (cone beam
computed tomography, CBCT); [16] irradiation in deep
inspiration breath hold (DIBH technique) [17, 18] to stop
breast movements during breathing; fast and accurate
dose application using arc therapy (volumetric modu-
lated arc therapy, VMAT) [19]; radiation beams without a
homogenizing filter with a high dose rate (flattening filter
free beams, FFF) [20] or correction of the patient’s posi-
tion with six degrees of freedom robotic treatment couch
(6DoF couch) [21].

The aim of this prospective randomized single-insti-
tution study conducted by the Department of Radia-
tion Oncology at Masaryk Memorial Cancer Institute
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(MMCI) in Brno, Czechia, was to compare APBI (5 frac-
tions) of the early BC patients with the currently more
commonly used moderate hypofractionated WBI regi-
men (20 fractions) [22]. The main objective was to evalu-
ate the feasibility, safety, tolerance, and cosmetic effects
of APBI and, thus, to increase the evidence for establish-
ing this technique in indicated patients into daily clinical
practice.

Methods

Patients and study design

Patients with early-stage BC referred for adjuvant RT
were randomly assigned to the following two treatment
arms: APBI arm (irradiation of tumor bed, 30 Gy in 5
fractions, referred as study arm) or WBI arm (moderate
hypofractionated irradiation of the whole breast with a
boost to the tumor bed, 40 Gy in 15 fractions followed
by 10 Gy in 5 fractions). Written informed consent was
received from each patient prior to enrolment. The study
was approved by the Ethical Board of Masaryk Memorial
Cancer Institute (MMCT; approval No. 2017/1889/MOU)
and registered at ClinicalTrials.gov (NCT06007118).

The inclusion criteria were: age>50 vyears; Kar-
nofsky index>70; breast-conserving surgery; DCIS
G1/2<25 mm with negative margins (=3 mm) or inva-
sive (non-lobular) luminal-like HER2 negative carci-
noma<20 mm with negative margins (=2 mm) without
LVI; performing of axillary dissection (=6 negative lymph
nodes) or negative sentinel node biopsy. The exclusion
criteria were: prior chest or breast surgery; absence of
surgical clips in tumor bed; multifocal or multicen-
tric involvement; factors contraindicating RT; known
BRCAL/2 or other mutation in high penetrating genes;
neoadjuvant therapy; prior RT; adjuvant chemotherapy.

Randomization

A stratified permuted block randomization scheme with
a block size of four was used to assign patients to arms
in a 1:1 ratio. The treatment group assignment was not
blinded. Stratification factors were (1) surgery bed size
measured by the longest distance of surgery clips placed
for radiotherapy navigation (<30 mm or 230 mm), and
(2) phototype (light (phototype I/II) or dark (phototype
II1/1V)).

Treatment

Safety and accuracy of treatment were achieved by ensur-
ing reliable and reproducible immobilization (frame-
less fixation with Orfit Industries and CIVCO Medical
Solutions vacuum-formable mattresses) and using all
technical machine devices described above (cone beam
computed tomography navigation to clips in the tumor
bed, deep inspiration breath hold technique, volumetric
modulated arc therapy dose application, using flattening
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Iter free beams and the six degrees of freedom roboticmeasured with the o cial Czech translation of EORTC
treatment couch). CT scans with 2 mm thick slices, QoL questionnaires28-30] (EORTC QLQ-C30), includ
including the curve of respiratory movements, were ing a special module for patients with BC (Breast QLQ-
sent to the radiotherapy planning system. For WBI, the BR45); cosmetic e ect independently evaluated by
clinical target volume (CTV) was de ned by the residual patient, physician, and nurse scored using Harvard scale
parenchyma of the gland. e planning target volume (4-point Likert scale) B1]; change in breast appearance
(PTV) was created by expanding CTV by 10 mm in all(photographic) assessed on a 3-point graded scale (none,
directions. For both arms, tumor bed CTV encompassesmild, marked); and economy burden of patients evalu
the excision cavity with a 10 mm margin. Visible cav ated at the end of RT by a 4-point graded scale (none,
ity and clips placed to the cavity borders during surgerymild, middle, signi cant). For future evaluation of subse
were used to de ne the CTV. e CTV did not include quent endpoints (recurrence-free survival, disease-spe
the chest wall and pectoralis muscles and was limited taci ¢ survival, ipsilateral breast-recurrence rate, distant
5 mm from the skin surface. In the APBI arm, PTV wasdisease-free interval, and overall survival), patients will
delineated with a 3-mm extent in all directions from be followed up according to standards of care. Six months
CTV to accommodate possible set-up errors. e PTV after RT, pulmonary toxicity was assessed based on <lini
was also limited to 5 mm from the skin surface. e pre cal examination and computed tomography (CT) scan in
scribed radiation dose was planned for this nal PTV. the treatment position.

e WBI arm patients were irradiated with a moder-
ate hypofractionated mode within 20 working day$][ Sample size and statistical analysis
e whole breast was irradiated with 40.05 Gy in 15 frac e study was designed to assess the noninferiority of
tions, followed by a boost to the tumor bed with 10 Gy in APBI to relative WBI in terms of the grade2 late skin
5 fractions. e APBI arm patients received a total dose toxicity involving events between 6 months and two years
of 30 Gy administered in 5 fractions over ve consecu after RT. Assuming an incidence of late skin toxicity in
tive days, allowing for a potential break over the week the WBI arm of 15% and an expected incidence in APBI
end, provided that there were at least two consecutiveof 5%, and based on two proportion z-test with a non
fractions before or after the weekend break. e dose dis inferiority margin of 10%, one-sided signi cance level of
tribution and beam arrangement of APBI are presented5%, test power of 90%, and 10% dropout rate, 84 patients
in Supplementary Figl. Treatment plans were created (42 in each arm) were required.
using Eclipse planning system version 15.6 (Varian Medi Patient and treatment characteristics were described
cal Systems, Palo Alto CA) using the AAA algorithm. using the standard summary statistics, i.e., median and
VMAT technique (2—-3 partial arcs) and a high dose rate interquartile range (IQR) for continuous variables and
6 MV beam without a homogenization Iter (FFF) were numbers and percentages for categorical variables.
used [19, 20, 23]. Adequate target coverage was achievedepending on the nature of the data, Fisher's exact or
when the prescribed dose covered 95% of the PTV. Ahi-square test for categorical variables and nonpara
dose gradient was also assessed, and the treatment plangetric Mann-Whitney test for continuous variables were
should meet the number of organs at risk dose-volumeused to compare arms. A signi cance level of 5% was
constraints P4-27] based on published studies (Supple considered for all statistical tests, and R statistical soft
mentary Tablel). e treatment was delivered by the ware version 4.3.132] was used.
linear accelerator Varian TrueBeam STX v. 2.5.(Varian

Medical Systems, Palo Alto CA). Results
From September 2019 to June 2021, 87 patients were
Follow-up and outcomes enrolled and randomized. Of these, three were excluded

Evaluation and study assessments were scheduled pridrom the nal evaluation due to insu cient follow-up

to RT (B, baseline), at the end of RT (M0), and in 1 (M1),(Fig.1). Inthe analyzed cohort, 42 patients were assigned

3 (M3), 6 (M6), 9 (M9), 12 (M12) months after RT, in to the APBI arm and 42 to the WBI arm. Median follow-
the second year every four months and then every siup was 37 months (range 21-45 months). No recurrence,
months. regional or distant relapse of the disease was detected in

e primary endpoint of the study was toxicity evalu  all patients during follow-up.

ated by CTCAE (Common Terminology Criteria for Baseline patients’ characteristics are summarized in
Adverse Events). Acute toxicity was de ned as adverseTable 1. No signi cant di erence was observed between
reactions occurring within three months after RT, and arms. e majority of enrolled patients had NST tumors
late toxicity occurs during the next follow-up. e grades (79%), up to 10 mm (50%), of nuclear grade G1 (59%),
presented are the patient’s worst toxicity at any time with low Ki67 status (55%). e median negative resec
point. Secondary endpoints were quality of life (Qol) tion margin was 5 and 5.5 mm in the APBI and WBI
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Fig. 1 Consort Diagram. *Some patients skipped one visit (APBI Arm— one patient M9 and one patient M20, WBI Arm- one patient M6 and one patient
M12). Abbreviations: ARBlkcelerated partial breast irradiation, ¥¥Blole breast irradiation, D&Buctal Carcinoma In Situ

groups, respectively. 74% of patients had concurrenwith margin of 10%p 0.001). Late toxicity in the breast
endocrine therapy. area (deformation, edema, brosis, and pain), a ecting

Baseline dose-volume characteristics are summarizedol and the cosmetic e ect of the treatment, occurred
in Table2. e CTV volume median in the study arm was in 61% of patients for any grade and 7.3% for graddn
58.5 cc (range 25.7-141.0), and the PTV volume mediathe WBI arm and 17% for any grade in the APBI group
was 86.5 cc (range 40.9-189.9). In the control group, th€p 0.001). Selected toxicities over time are shown in
median size of the CTV boost was 14.5 cc (range 4.2Fig.2. More pronounced toxicity in the WBI arm is pre
59.4), and PTV boost was 69.0 cc (range 33.9-167.7). sented in all toxicity domains. Notably, grade? tox-

e radiation toxicities at acute and late periods are icities are minimal in the study arm. Fibrosis and breast
presented in Table3. Signi cantly fewer acute adverse deformation adverse events were common immediately
events were observed in the APBI arm regarding skinafter surgery and gradually disappeared over time, faster
reactions and local and general symptoms (0.001 for in the APBI arm, whereas in the WBI arm, reappeared
all). Skin side e ects of grade2 were signi cantly less after RT.

often in the APBI arm in terms of erythemap( 0.001), Based on CT scans six months after RT, radiographic
hyperpigmentation ¢ 0.002), and desquamation signs of pneumonitis/ brosis were less common in
(p 0.012). the APBI than in the WBI arm (1 patient, 2.4% vs. 26

In the WBI arm, important late toxicity was worse patients, 63%p 0.001). One patient in WBI simultane
and fading over time. A signicant dierence in favor ously had clinical symptoms of pneumonitis.
of the study arm in skin dryness, edema, hyperpig Cosmetic e ects evaluated at dierent periods are
mentation (p 0.001 for all), and tendernesg (0.002) summarized in Table4. e cosmetic e ect was more
was observed. Grade? late skin toxicity developed in favorable in the APBI group, especially 6 to 12 months
5 (12%) patients in the WBI arm and none in the APBIlafter the RT. A signi cant di erence in the occurrence
arm (2-sided equality testp 0.026, noninferiority test of cosmetic changes appeared between arms throughout
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Table 1 Baseline characteristics by study arm

APBI WBI p-value
N=42 N=42

Age (years) Median (Range) 65 (52, 77) 64 (51, 81) 0.070

Phototype i 19 (45%) 20 (48%) 0.827
v 23 (55%) 22 (52%)

Laterality left 18 (43%) 21 (50%) 0.512
right 24 (57%) 21 (50%)

Grade Gl 25 (60%) 24 (57%) 0.825
G2 17 (40%) 18 (43%)

Histology DCIS 2 (4.8%) 2 (4.8%) 0.911
NST 34 (81%) 32 (76%)
Other 6 (14%) 8 (19%)

Tumor size (mm) 0-9 24 (57%) 18 (43%) 0.422
10-14 13 (31%) 17 (40%)
15-20 5 (12%) 7 (17%)

ER (%) 90 0 (0%) 3 (7.1%) 0.121
95 2 (4.8%) 4 (9.5%)
100 40 (95%) 35 (83%)

PR (%) <10 8 (19%) 9 (21%) 0.267
10-79 10 (24%) 16 (38%)
80-100 24 (57%) 17 (40%)

Ki67 (%) <15 21 (50%) 25 (60%) 0.583
15-20 13 (31%) 12 (29%)
>20 8 (19%) 5 (12%)

Number of sentinel lymph nodes removed 1 25 (60%) 22 (55%) 0.462
2 8 (19%) 12 (30%)
>2 9 (21%) 6 (15%)
Omitted 0 2

Negative resection margin (mm) Median (Range) 5(2, 10) 5.5 (2, 15) 0.718

Cavity size (mm) Median (Range) 30 (16, 69) 31 (13, 65) 0.629
<30 22 (52%) 21 (50%) 0.827

30 20 (48%) 21 (50%)

Endocrine therapy during RT None 9 (21%) 4 (9.5%) 0.345
Al 4 (9.5%) 5 (12%)
Tamoxifen 29 (69%) 33 (79%)

Abbreviations: APBlaccelerated partial breast irradiation, WBNVhole breast irradiation, NSTnon-specied tumor histology, ER estrogen receptor,
PR progesterone receptor, RTradiotherapy, Al aromatase inhibitor, DCISDuctal Carcinoma In Situ

Table 2 Dose-volume characteristics

Median (range) APBI WBI

N=42 N=42
Breast volume (cc) 858 (418, 1,577) 912 (269, 2,371)
CTV (cc) 58.5 (25.7, 141.0) 912.2 (269.3, 2,370.8)
CTV boost (cc) 14.5 (4.2, 59.4)
CTV D, (Gy) 29.3 (28.0, 30.2) 48.5 (32.5, 50.7)
CTV Bear min (GY) 30.2 (29.9, 31.0) 49.0 (44.4,51.1)
PTV (cc) 86.5 (40.9, 189.9) 1,251.8 (496.2, 2,753.1)
PTV boost (cc) 69.0 (33.9, 167.7)
PTV B, (Gy) 26.7 (23.2, 28.3) 45.9 (18.1, 49.2)
PTV Rear min (GY) 29.6 (29.2, 29.8) 48.2 (42.1, 50.1)
Dnax(GY) 32.1(31.5,32.7) 52.1 (42.0, 53.9)

Abbreviations: APBlaccelerated partial breast irradiation, WBWhole breast irradiation, Gy Gray, CTVclinical target volume, PTVplanning target volume, I,
minimum dose of the volume, R4 min  Near-minimum dose of the volume, B, maximum dose of the volume. R, i, referred according to ICRU report 83
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Tato prospektivni randomizovana studie porovnavala kvalitu zivota pacientek s nizcerizikovym
karcinomem prsu po parcialni mastektomii, které byly lé€eny vysoce cilenou stereotaktickou
radioterapii lizka nadoru (zevni APBI) nebo hypofrakcionovanym ozarenim celého prsu (hypo-
WABI). Navazovala na publikaci z roku 2023, ktera hodnotila proveditelnost, bezpecnost
a toxicitu této nové metody. Ve studii byly obé skupiny pacientek srovnany na zakladé
dotaznika kvality Zivota (QLQ-C30 a QLQ-BR45), které vypliovaly pted 1é¢bou a nasledné

v nékolika ¢asovych bodech az do 24 mésicu po radioterapii.

Analyza ukazala, ze APBI nevedlo k hor§im kratkodobym ani dlouhodobym vysledkiim
ve srovnani s hypo-WBI. Pacientky 1é¢ené APBI vykazovaly nizsi vyskyt bolesti, systémovych
obtizi a symptoma v oblasti prsu, pficemz nejvyraznéjsi rozdily byly zaznamendny kratce

po radioterapii, kdy hypo-WBI bylo spojeno s vyssi toxicitou a snizenou fyzickou vykonnosti.

Vysledky naznacuji, ze APBI je dobfe tolerovand a bezpecna metoda, ktera by mohla byt
preferovanou alternativou k hypo-WBI v 1é¢bé nizkorizikového ¢asného karcinomu prsu,
atodiky pozitivnimu dopadu na kvalitu zivota pacientek. V kontextu moderni
individualizované onkologické péce tato studie zdlraznuje vyznam kvality Zivota jako jednoho

z kli¢ovych faktort pti rozhodovani o optimalni 1é¢bé po prs zachovné operaci.

63



8.Zavér

Nadory patii mezi hlavni pfi¢iny umrti na celém svété. Radioterapie je po chirurgii
nejucinnéjs$i metodou 1écby rakoviny a samostatné pfispiva k vyléCeni pfiblizn€ 40 %
nadorovych onemocnéni (361). Jeji ucinnost byla rozpoznana téméf okamzité po objevu
rentgenového zateni, pricemz prvni vyuziti k 1é€b€ Zeny s karcinomem prsu bylo zaznamenéano
jen nékolik dni po jeho objeveni (362). Béhem své 1é¢by s ni prijde do kontaktu pfiblizné 50 %
onkologickych pacientli. Kvili komorbiditdm starnouci populace je méné invazivni
radioterapie ¢asto preferovana pted invazivni operaci. V fadé pripadt tak miize byt radioterapie
nejucinngjsi a nejpohodInéjsi volbou.

Vyvoj radioterapie se zaméfil na zvySovani piesnosti aplikace davky, zlepSovani
biologické ucinnosti a zkracovani celkové doby 1é€by. Tyto pokroky se nejvyrazngji odrazeji
ve stereotaktické radioterapii, nékdy oznaCované jako radiochirurgie. Formalniho uznani
V 1écbé extrakranidlnich 1ézi dosdhla tato metoda v roce 2010, kdy ji autofi publikace
v ,,International Journal of Radiation Oncology — Biology — Physics®, oficialnim Casopise
Americké spolecnosti radia¢ni onkologie ASTRO, definovali jako formu zevni radioterapie
vyuZzivajici vysoce presné systémy k aplikaci vysokych davek zareni do extrakranidlnich 1ézi
V jedné nebo nékolika malo frakcich, pficemz je dosazeno strmého davkového gradientu mezi
cilovym objemem a okolni zdravou tkani (51).

Od té doby se tento typ 1é¢by zafenim zacal oznacovat jako SBRT (Stereotactic Body
Radiation Therapy) a postupné¢ ziskaval stale vétsi vyznam a presveédcil odbornou onkologickou
vefejnost o své bezpecnosti a ucinnosti. Tato pokrocila forma zevniho ozéafeni zdsadné zménila
zpusob 1é¢by malignich 1 benignich nddort a ptfedstavuje krok smérem k precizni onkologii
v radioterapii, dnes ¢asto sklonovanému pojmu. Tento pokrok byl umoznén nékolika zasadnimi
inovacemi — schopnosti presné lokalizovat cilovou oblast diky pokro¢ilému zobrazovani,
precizni aplikaci davky pomoci IMRT, VMAT a adaptivni radioterapie, nastroji pro kontrolu
pohybu nédoru 1 pacienta a v neposledni fad¢ radiobiologickym mechanismem, ktery pomoci
vysokych davek zafeni omezuje buné¢nou repopulaci (363,364).

Vyznam SBRT nicméné spociva predevsim v jeji vysoké ucinnosti. Vysoké davky
zafeni jsou schopné eliminovat i ty nejodolngj$i hypoxické buiky nejen diky piimému
poskozeni, ale také nepfimo plsobenim na jejich mikroprostiedi, v€etné cévniho zasobeni,
a posilenim protinadorové imunity. SBRT je dnes standardni metodou IéCby
oligometastatického onemocnéni a vybranych ptipadi priméarnich karcinomi plic, jater, ledvin,

slinivky bfisni a prostaty. Tato metoda navic postupné nachazi uplatnéni i v novych indikacich,
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jako jsou néadory prsu, hlavy a krku, gynekologické malignity ¢i pokrocilé polymetastatické
onemocnéni. Dalsi vyzvou do budoucna je vyuziti synergického potencialu SBRT s modernimi
imunoterapeutickymi preparaty (365).

Kurativni — ablativni — potencidl stereotaktické radioterapie v fad¢ indikaci 1épe
vystihuje jeji druhy, novéjsi nazev. SABR, neboli stereotactic ablative radiotherapy, stavi tuto
metodu do jedné roviny s ostatnimi ablativnimi metodami, s chirurgii, radiofrekvencéni
¢i termalni ablaci. SABR se dnes stala béznou klinickou realitou a pfedstavuje novy milnik
Vv 1é¢bé rakoviny. Moznost zkratit radioterapii na pouhé 1-3 frakce a dosdhnout vylééeni nadoru
,b&hem tydne* pfinasi vyznamné osobni, socidlni i ekonomické ptinosy pro pacienty i celou
spole¢nost. Efektivni a dostupna péce pro vSechny pacienty, ktefi ji potiebuji, je jednim

Z hlavnich ciltt mediciny — a SABR k jeho naplnéni vyznamné ptispiva.
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9. Seznam zkratek

AAPM

APBI
ASCO

ASTRO

ART
AUA
AVM
BCT
BED
BRT
CBCT
CSS
CT
DFS
DIBH
DNA
DVH
EBRT
ECOG
EORTC

ESTRO

FDG
FFF
FU
GTV
Gy
Gl

American Association of Physicists in Medicine (Americkd asociace
radiologickych fyziki)

Accelerated Partial Breast Irradiation (akcelerované ¢aste¢né ozafeni prsu)
American Society for Clinical Oncology (Americkd spole¢nost klinické
onkologie)

American Society for Radiation Oncology (Americkd spolecnost radiacni
onkologie)

Adaptive RadioTherapy (adaptivni radioterapie)

American Urological Association (Americké urologicka spole¢nost)
ArterioVenous Malformation (arterioven6zni malformace)

Breast-Conserving Therapy (prs Setfici pfistup 1écby)

Biological Effective Dose (biologicky ucinna davka)

BrachyRadioTherapy (brachyterapie)

Cone Beam Computed Tomography (CT pfistroj s konickym svazkem zaieni)
Cancer Specific Survival (specifické preziti)

Computed Tomography (pocitacova tomografie)

Disease Free Survival (doba bez znamek onemocnéni)

Deep Inspiration Breath Hold (zadrzeni dechu v hlubokém nadechu)
DeoxyriboNucleic Acid (deoxyribonukleova kyselina)

Dose Volume Histogram (ddvkové objemovy histogram)

External Beam RadioTherapy (zevni radioterapie)

Performance Status (celkovy stav pacienta)

European Organisation for Research and Treatment of Cancer (Evropska
organizace pro vyzkum a lé¢bu nddorovych onemocnéni)

European SocieTy for Radiotherapy and Oncology (Evropska spolecnost
pro radioterapii a onkologii)

FluoroDeoxyGlucose (fluorodeoxygluko6za)

Flattening Filter Free Beams (svazky zafeni bez homogenizacnich filtra)
Follow-up (doba sledovani)

Gross Tumor Volume (nadorovy cilovy objem)

Gray (jednotka davky)

Gastrolntestinal
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GIT
GU
HCC
CHOPN
ICRU

IGRT
IMRT
IORT
ISRS

TV

kV
LAPC
LINAC
LC

LQ
MLC
MLD
MR/MRI
MRgRT
NCCN
NSCLC
PBI
PET
PFS
PMD
PTV
OAR
OMD
QoL

oS
RECIST

Gastrilntestinal Tract (gastrointestinalni trakt)

GenitoUrinary

HepatoCellular Carcinoma (hepatocelularni karcinom)

Chronic Obstructive Pulmonary Disease (chronicka obstrukéni plicni nemoc)
International Commission on Radiation Units and Measurements (Mezinarodni
komise pro radiacni jednotky a métent)

Image Guided Radiotherapy (obrazem fizena radioterapie)

Intensity Modulated RadioTherapy (intenzitné modulovana radioterapie)
IntraOperative RadioTherapy (intraopera¢ni radioterapie)

International Stereotactic Radiosurgery Society (mezinarodni spole¢nost
stereotaktické chirurgie)

Internal Target Volume (interni cilovy objem, pocita s pohyby GTV)
kiloVolt

Locally Advanced Pancreatic Cancer (lokaln€ pokrocily karcinom pankreatu)
Linear Accelerator (linearni urychlovac)

Local Control (lokalni kontrola)

Linear-Quadratic model (linearné kvadraticky model)

Multi Leaf Collimator (mnoholistovy kolimétor)

Mean Liver Dose (stfedni jaterni ddvka)

Magnetic Resonance/ Magnetic Resonance Imaging (magneticka rezonance)
MR-guided radiotherapy (magnetickou rezonanci fizena radioterapie)
National Comprehensive Cancer Network (Narodni onkologicka sit’)
NonSmallCell Lung Cancer (nemalobunécny plicni karcinom)

Partial Breast Irradiation (Caste¢né ozafeni prsu)

Positron Emission Tomography (pozitronova emisni tomografie)
Progression Free Survival (pieziti bez progrese onemocnéni)

PolyMetastatic Disease (polymetastatické onemocnéni)

Planning Target Volume (planovaci cilovy objem)

Organs At Risk (rizikové organy)

OligoMetastatic Disease (oligometastatické onemocnéni)

Quality of Life (kvalita zivota)

Overall Survival (celkové preziti)

Response Evaluation Criteria in Solid Tumours (kritéria hodnoceni odpovédi

u solidnich nadori)
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RCC
RFA
RILD
RT
RTG
RTOG

SABR
SBRT
SRS
SRT
TAE
TACE
VATS

VMAT
WBI
3D-CRT
ADCT

Renal Cell Carcinoma (karcinom ledviny)

RadioFrequency Ablation (radiofrekvencni ablace)

Radiation-Induced Liver Damage (radia¢né indukované poskozeni jater)
Radiotherapy (radioterapie)

Rentgenové vySetteni/ rentgenové zaieni

Radiation Therapy Oncology Group (Pracovni skupina pro radioterapii
v onkologii)

Stereotactic ABlative Radiotherapy (stereotakticka ablativni radioterapie)
Stereotactic Body RadioTherapy (extrakranidlni stereotakticka radioterapie)
Stereotactic RadioSurgery (stereotakticka radiochirurgie)

Stereotactic Radiotherapy (stereotakticka radioterapie)

TransArterial Embolization (transarteridlni embolizace)

TransArterial ChemoEmbolization (transarteridlni chemoembolizace)
VideoAssisted Thoracoscopic Surgery (videoasistovana torakoskopicka
chirurgie)

VoluMetric Arc Therapy (objemova rota¢ni radioterapie)

Whole Breast Irradiation (ozafeni celého prsu)

3D-Conformal RadioTherapy (3D konformni radioterapie)

Four-dimensional computed tomography (Ctyfdimenzionalni pocitacova

tomografie)
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10.

Tabulka €.
Tabulka ¢.
Tabulka €.
Tabulka €.
Tabulka €.
Tabulka €.
Tabulka €.
Tabulka €.
Tabulka ¢.
Tabulka ¢.
Tabulka €.
Tabulka €.

Tabulka ¢.

Seznam tabulek

. Ptehled zakladnich indikaci a jejich kody dle ICD-10 (podle ASTRO Policies)

Vybrané studie stereotaktické radioterapie pii 1écbé NSCLC

Periferni plicni 1éze — davkové limity (3 a 5 frakei)

Centralni plicni léze — davkové limity (8 frakei)

Vybrané klinické studie SBRT v 1écbé HCC

Redukce davky podle MLD pfti planovani SBRT u HCC (podle RTOG 1112)
SBRT GIT nadorti — davkové limity (3 a 5 frakei)

Prospektivni studie a metaanalyzy se SBRT v 1é¢b¢ ca prostaty

Davkové¢ limity pii SBRT prostaty

: Lokalni kontrola a toxicita v klinickych studiich se SBRT v 1é¢bé RCC
: SBRT pfi 1é¢bé oligometastaz plic a jater riiznych primarnich nadort
: Vybrané studie SBRT pii 1é¢bé oligometastaz nadledvin a lymfatickych uzlin

: Vybrané studie SBRT pfi 1écb¢ oligometastaz patete
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