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1. Abstract (English)

Objectives: Stereotactic body radiotherapy (SBRT) is increasingly used to treat oligometastatic
disease (OMD) or various primary tumors in inoperable patients. SBRT delivered in one fraction is
called single fraction radiosurgery (SFRS) and has attracted attention owing to its shortest possible
treatment time. However, there are no recommendations for the use of SFRS vs. fractionated SBRT
(fSBRT). This thesis investigated whether SFRS is comparable to fSBRT regarding efficacy and
safety when treating either oligometastatic prostate cancer (OPCA) or lung metastases (LM) from
various solid tumors and renal cell carcinoma (RCC) in inoperable patients who are at risk of end-
stage renal disease. Moreover, | analyzed whether SBRT can delay the start of androgen deprivation
therapy (ADT) in OPCA patients and looked for prognostic factors for survival in OMD.

Methods: Data from 112 patients, among whom 181 lesions had been treated between 2012 and 2017,
were analyzed. The primary endpoints were local control (LC), progression-free survival (PFS),
overall survival (OS), and ADT-free survival (ADT-FS).

Results: Fifty, 52, and 10 patients with OPCA, LM, and RCC, respectively, were included. Sixty
(80%), 45 (47.9%), and eight (62%) lesions in patients with OPCA, LM, and RCC, respectively, were
treated with SFRS. The 2-year LC rates after SFRS vs. fSBRT did not differ significantly in patients
with OPCA (96% vs. 100%) and RCC (100% vs. 80%). LM treated with SFRS achieved better 2-year
LC rates than those after fSBRT (83% vs. 59%, p=0.026). However, LM treated with SFRS were
significantly smaller in size (p<0.001). SFRS was well tolerated, with no treatment-related acute or
late toxicity of grade >3. There was no significant change in the glomerular filtration rate in patients
with RCC before SBRT (mean 51.3+19.7 mL/min) and 22 months later (mean 51.6+25.8 mL/min).
ADT was initiated in 14 (28%) of the 35 ADT-naive patients. Median ADT-FS was not reached after
a median follow-up of 34 months. Longer distant metastasis-free interval (DMFI) to the first
metastasis was associated with improved PFS in OPCA patients (DMFI>36 months, HR 0.5, 95% CI:
0.3-0.8, p=0.01) and OS in patients with LM (DMFI >12 months, HR 0.2, 95% CI: 0.1-0.7, p=0.01).

Conclusions: SFRS is a safe and efficient treatment option for select patients with OMD and
inoperable RCC. LC and toxicity after SFRS were comparable to those after fSBRT. Moreover, in
patients with OPCA, SBRT can postpone palliative ADT for some time. Prolonged DMFI is a positive
prognostic factor in OMD.



2. Abstrakt (Deutsch)

Fragestellung: Stereotaktische Korper-Radiotherapie (SBRT) wird zunehmend zur Behandlung der
oligometastasierten Erkrankung (OMD) und bei inoperablen Patienten mit unterschiedlichen
Primartumoren eingesetzt. SBRT, die in einer Fraktion verabreicht wird, bezeichnet man als Einzeit-
Radiochirurgie (SFRS), und diese ist aufgrund der kurzest moglichen Behandlungszeit besonders
attraktiv. Aktuell existieren keine Empfehlungen, wann die SFRS gegentiber der fraktionierten SBRT
(FSBRT) zu bevorzugen ist. Meine Doktorarbeit untersucht, ob die SFRS mit der fSBRT in Bezug auf
Wirksamkeit und Sicherheit bei der Behandlung von oligometastasierten Patienten mit
Prostatakarzinom (OPCA) oder Lungenmetastasen (LM) von soliden Tumoren und inoperablen
Patienten mit Nierenzellkarzinom (RCC) mit dem Risiko fiir eine terminale Niereninsuffizienz
vergleichbar ist. Weitere Fragen waren, ob SBRT den Beginn einer Androgendeprivationstherapie
(ADT) bei Patienten mit OPCA verzdgern kann und welche prognostischen Faktoren Einfluss auf das

Uberleben von Patienten mit OMD haben kénnten.

Methoden: Es wurden die Daten von 112 Patienten mit insgesamt 181 Lé&sionen analysiert, die
zwischen 2012 und 2017 eine SFRS und fSBRT erhielten. Die primaren Endpunkte waren lokale
Kontrolle (LC), progressionsfreies Uberleben (PFS) und Gesamtiiberleben (OS) sowie das ADT-freie
Uberleben (ADT-FS).

Ergebnisse: Finfzig, 52 und 10 Patienten hatten OPCA, LM bzw. RCC. Sechzig (80%), 45 (47,9%)
und 8 (62%) Lasionen bei Patienten mit OPCA, LM und RCC wurden mit SFRS behandelt. Die 2-
Jahres-LC-Raten nach SFRS vs. fSBRT waren bei Patienten mit OPCA (96% vs.100%) und mit RCC
(100% vs.80%) nicht signifikant unterschiedlich. Mit SFRS behandelte LM erreichten bessere LC-
Raten nach 2 Jahren im Vergleich zu fSBRT (83% vs. 59%, p=0,026). Allerdings waren die mit SFRS
behandelten LM signifikant kleiner (p<0.001). Es gab keine akute Toxizitat oder Spatnebenwirkungen
von Grad >3. Bei RCC-Patienten war die glomerulare Filtrationsrate pra-SBRT (Mittelwert 51,3+19,7
ml/min) zu 22 Monate posttherapeutisch (Mittelwert 51,6+25,8 ml/min) nicht signifikant
unterschiedlich. ADT-Einleitung war bei 14 (28%) von 35 ADT-naiven Patienten erfolgt. Das
mediane ADT-FS war auch nach 34 Monaten Nachbeobachtungszeit (im Median) noch nicht erreicht.
Ein langeres metastasenfreies Intervall (DMFI) bis zur ersten Metastase verbesserte signifikant das



PFS bei OPCA-Patienten (DMFI1>36 Monate, HR 0,5; 95% CI: 0,3-0,8, p=0,01) und das OS bei LM-
Patienten (DMFI >12 Monate, HR 0,2; 95% ClI: 0,1-0,7, p=0,01).

Schlussfolgerungen: Die SBRT ist eine sichere und effiziente Behandlungsoption fur selektionierte
Patienten mit OMD oder mit inoperablen RCC. Die LC und Toxizitat nach SFRS waren mit der
fSBRT vergleichbar. Zusatzlich kann die SBRT bei OPCA-Patienten zur Verzégerung einer
palliativen ADT flhren. Bei Patienten mit OMD st ein langeres DMFI ein positiver prognostischer

Faktor fiir ein verlangertes Uberleben.



3. Introduction

Stereotactic body radiotherapy (SBRT) is high-precision external beam radiotherapy for the treatment
of extracranial tumors and delivers a high dose of radiation in up to 12 fractions (1). SBRT is a
potential curative treatment modality in patients with oligometastatic disease (OMD) (2, 3) and
various primary tumors (4, 5). In addition to being minimally invasive, SBRT delivers ablative doses
in only a few fractions (fractionated SBRT [fSBRT]) with excellent local control (LC) rates and
minimal toxicity (6, 7). SBRT applied in only one fraction is known as single-fraction radiosurgery
(SFRS) and is particularly attractive due to a single treatment session resulting in improved patient
compliance, reduced need for healthcare resources, and elimination of interfraction immobilization
uncertainty. Additionally, SFRS reduces patient—health care worker interaction; therefore, it could be
used as a treatment of choice in circumstances such as coronavirus pandemics. Data on extracranial
SFRS for oligometastases and primary tumors are limited, and there are no recommendations on when
to use SFRS vs. fSBRT. The need for effective local oncological therapy applied for the shortest
possible time in the outpatient setting for this vulnerable patient population currently requires a shift
in favor of SFRS.

3.1 Indications for SBRT
3.1.1 Oligometastatic disease

OMD is a condition in which long-term disease-free survival or even a cure can be achieved despite
tumor cell dissemination to distant organs. A certain combination of favorable clinical factors of the
tumor determines a less aggressive course of the disease, resulting in only a limited number of
metastases in one or a few organs. In contrast to extensively disseminated cancer, OMD can be
successfully managed with local ablation rather than palliative systemic therapy alone. This paradigm-
changing concept was first introduced in 1995 by Hellman and Weichselbaum (8).

The relevance of SBRT in the OMD setting was supported in four randomized phase Il trials (9-12).
The benefit of SBRT was translated into significantly prolonged progression-free survival (PFS)

and/or overall survival (OS) compared with surveillance.



3.1.2 Oligometastatic prostate cancer (OPCA)

In advanced prostate cancer (PCA), androgen deprivation therapy (ADT) is the treatment of choice as
recommended by the European Association of Urology and National Comprehensive Cancer Network
(13, 14). In daily practice, however, the use of ADT is limited by the broad spectrum of side effects
(sexual dysfunction, reduced bone mineral density, hot flashes), which severely impair patients’
quality of life (15). Additionally, ADT is a palliative treatment option because most patients
undergoing treatment will develop hormone-refractory PCA. Metastasis-directed therapy (MDT) in
patients with OPCA is of particular interest, as it may delay the onset or escalation of ADT (9, 10).
The development of highly specific diagnostic imaging such as Gallium-68-labeled PSMA-PET
computed tomography (PSMA-PET/CT) has enabled the detection of very early metastatic disease
with lesions as small as 5 mm in diameter (16). This analysis examined the LC rates after PSMA-
PET/CT guided SFRS vs. fSBRT for patients with OPCA. Additionally, | investigated whether
PSMA-PET/CT-guided SBRT could delay the initiation or escalation of ADT in patients with OPCA,
thus preventing undesirable side effects and sparing palliative treatment in case of further progression
(17).

3.1.3 Lung (oligo)metastases (LM)

Lungs are common sites of distant metastases among various solid tumors (18). Surgical resection of
LM remains the standard treatment for most patients. However, the emerging use of SBRT,
particularly in older patients, often considered as poor candidates for surgery due to comorbidities,
revealed good LC rates comparable to those after surgery (10, 19). To the best of my knowledge, no
randomized trials have compared these two treatment approaches. Although no standard SBRT
schedules exist, a biologically effective dose (BED) of >100 Gy has been shown to improve LC rates
(6). A further objective of this study was to compare LC rates and toxicities after SFRS vs. fSBRT in
LM from different primary tumors (20).

3.1.4 Renal cell carcinoma (RCC)

The standard therapeutic approach for non-metastatic stage I, I, and 111 RCC is surgery. The extent
of surgical treatment depends on the disease stage, patient age, and comorbidities. For patients who
are poor surgical candidates, minimally invasive therapies such as radiofrequency ablation or

cryoablation may be used. However, this treatment approach is mostly limited to tumors < 4 cm in
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diameter and located distantly from the hilum or central collecting system (21). Owing to its low o/
ratio, RCC is considered a radioresistant tumor when treated with conventional radiotherapy five times
a week for several weeks (22). Nevertheless, the use of high-dose radiotherapy administered in only
a few fractions has been shown to overcome the inherent radioresistance of RCC, resulting in
acceptable LC (23). Although the analysis of SBRT efficacy in the treatment of RCC is mostly limited
to retrospective and phase | studies, current evidence shows excellent LC and low toxicity rates (24).
This study evaluated the efficacy and safety of SFRS vs. fSBRT in RCC in inoperable patients who

are at risk of end-stage renal disease (25).

3.2 Prognostic factors in OMD

Although the number of studies investigating the use of metastasis-directed therapy in OMD is
growing rapidly, there is still lack of a consistent clinical definition for identifying patients who will
benefit from aggressive local therapies. For instance, the number of metastases in the presence of
OMD in most studies varied between 3 and 5 (9, 12). Consequently, treatment outcomes across trials
are inconsistent and difficult to compare. Considering this issue, | aimed to identify prognostic clinical
factors in patients with LM and OPCA treated with SBRT.

A growing body of evidence suggests that clinical criteria alone may not be sufficient to specify a true
OMD and should be complemented by the use of biomarkers (10, 26, 27). However, valid biomarkers
for routine diagnostics in oligometastatic settings have not yet been established. Liquid biopsy as a
source of potential biomarkers, such as cell-free circulating tumor DNA and RNA, is particularly
attractive, as it can be collected non-invasively. Moreover, it is a cost-efficient procedure that may
replace biopsies of solid tumors or bone marrow in the future. The last goal of this study was to
establish a biobank of liquid biopsies based on blood samples from patients with OMD for future

assessment of prognostic biomarkers.

In this doctoral thesis, I compared outcomes and toxicities after single-dose and fractionated
approaches using a Cyberknife/high-precision stereotactic linear accelerator for patients with cancer.
To this end, the data of patients with OMD and RCC treated with SFRS and fSRBT to assess the
advantages and disadvantages of these different techniques in terms of survival, LC, and toxicity were
analyzed. Additionally, I investigated whether SBRT for all metastases detected with PSMA-PET/CT



can delay the initiation and escalation of ADT in OPCA. | also searched for prognostic factors that
predicted better outcomes after SBRT in OMD.

4. Materials and methods

The present study consisted of two parts:

1) Retrospective data collection and analysis of patients treated with SBRT between January 2010 and
December 2016 at the Department of Radiation Oncology, Charité - Universitdtsmedizin Berlin for
either OPCA or LM from any primary, or for patients with inoperable primary or recurrent (p/r)RCC
with an increased risk of developing end-stage renal disease (17, 20, 25). Data on patient
demographics, treatment and tumor characteristics, treatment outcomes, and survival data were
collected.

2) Prospective collection and processing of liquid biopsies of patients with OMD from various primary
tumors treated with SBRT between June 1, 2016 and May 31, 2017, at the Department of Radiation
Oncology, Charité - Universitatsmedizin Berlin. Ethical approval was received from the Institutional
Medical Ethics Committee of Charité-Universitatsmedizin Berlin (EA1/214/16 and EA1/233/18).
Analysis of prognostic factors for OMD after collecting blood samples from 40 eligible patients is in

progress. In this thesis, the results of retrospective data analysis are presented.

4.1 Inclusion criteria

The cohort with OPCA: PSMA-PET/CT-based SBRT for a maximum of five active metastatic
lesions in patients with de novo or repeat OPCA (28); histologically confirmed PCA treated with local
treatment with curative intent; hormone-sensitive and castration-resistant patients; no ADT or ADT
initiated before SBRT.

The cohort with LM: SBRT for all LM in patients with de novo or repeat OMD from various solid
tumors (28); up to 5 LM.

The cohort with p/rRCC: histologically confirmed p/r RCC; patients with an increased risk of end-
stage renal disease; patients not eligible for surgery or other radical local therapies; SBRT to the
primary or recurrence in the (remaining-) kidney recommended by the Multidisciplinary Uro-

Oncology Board.



4.2 Treatment planning and delivery

SBRT was performed using the robotic radiosurgery system CyberKnife (CK) (Accurray®, USA)
and/or a high-precision dedicated stereotactic linear accelerator Novalis Tx™ (Varian, USA). The
CyberKnife Synchrony® Respiratory Motion Tracking System was used for all RCC treatments in
the kidney and some lung and lymph node metastases. Before motion-tracking SBRT, a gold fiducial
(1.0 mm x 5.0 mm) was implanted into the target lesion under CT guidance and local anesthesia to
ensure minimal treatment volumes and optimal organ at risk sparing by on-line tracking or gating. In
patients with lesions of limited movement or with contraindications for fiducial insertion, alignment
to the spine using XsightSpine® Tracking (Accuracy®, USA) or ExacTrac-based spinal alignment
(BrainLab®, Germany) was used. For all patients, a thin-slice (1-3 mm) planning CT of the body
region of interest was performed in the supine position. Diagnostic PSMA-PET/CT for all patients
with OPCA and, if indicated, magnetic resonance imaging was co-registered for precise contouring
of the target tumor lesion on all axial slices of the planning CT scan. Gross tumor volume (GTV)
corresponded to the tumor visible on the planning CT and co-registered diagnostic imaging. The
clinical target volume was set equal to the GTV in the majority of cases. For lesions with significant
motion but without gold marker implantation, an internal target volume (ITV) was generated.
Planning treatment volume (PTV) was defined as GTV or ITV with additional isotropic margins of
3-7 mm depending on the tracking or gating method used for SBRT.

Treatment dose and fractionation schedules were prescribed with regard to tumor entity, tumor
location, and tumor size. If dose constraints for organs at risk were met when using SFRS, SFRS was
preferred over fSBRT.

4.3 Follow-up

Patients with LM or p/rRCC underwent radiological imaging every 3 months for the first 2 years and
every 6 months thereafter. In patients with OPCA, prostate-specific antigen (PSA) testing was

routinely performed. A continuous increase in PSA levels triggered radiological imaging.

4.4 Endpoints

All survival endpoints were calculated from the date of the first or single fraction of SBRT and the
date of the event or the last follow-up. For overall survival (OS), death due to any cause was calculated

as an event. PFS was defined as any local or distant tumor recurrence or death from any cause. LC
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was defined as the absence of tumor re-growth within the irradiated region or an increase in tumor
volume outside the GTV. Furthermore, for patients with OPCA, the following endpoints were
analyzed: treatment failure-free survival (TFFS), defined as initiation of any new tumor-targeted
therapy (ADT, chemotherapy, surgery, SBRT) or death from any cause; ADT-free (ADT-FS)
survival; and androgen deprivation therapy escalation-free survival (ADTE-FS). The initiation or
escalation of ADT or death from any cause was counted as an event.

45 Statistics

Data processing and statistical analysis were performed using FileMaker Pro 15 Advanced, Excel
2010, and IBM SPSS Statistics 24 (SPSS Inc., Chicago, IL, USA). Survival analyses were performed
using the Kaplan-Meier method. The Cox proportional hazards model was used in univariate and
multivariate analyses to calculate hazard ratios (HRs) with 95% confidence intervals (95% CI).
Covariates with a p-value of < 0.1, in the univariate analysis, were included in the multivariate
analysis. The chi-square test was used to compare the variables. Statistical significance was set at p
<0.05.

5. Results

5.1 Baseline patient and tumor characteristics

A total of 112 patients met the inclusion criteria and were included in the analysis. Fifty, 52 and 10
patients had OPCA, LM, and uni- or multifocal p/rRCC, respectively (17, 20, 25). Baseline patient

and tumor characteristics are summarized in Table 1.

Table 1. Patient and tumor characteristics

OPCA cohort LM cohort p/rRCC cohort
N=50 N=52 N=10

Age at tumor diagnosis, years

median 66 62 72

range 47-75 26-84 48-87

Karnofsky performance index (%0)

median 90 80 80

10



range 80-100 60-100 70-80

Sex, n (%)
female 0(0) 20 (38.5) 5 (50)
male 50 (100) 32 (61.5) 5 (50)
Distant metastasis-free interval (DMFI), months
median 37 19 -
range 1-199 0-37.9 —
No. of lesions treated with SBRT
median 2 1 1
range 1-5 1-5 1-3
No. of affected organs per patient at SBRT (%0)
1 48 (96) 35 (67.3) -
2 2 (4) 11 (21.2) -
3 0 5(9.6) —
4 0 1(1.92) -

Abbreviations: OPCA oligometastatic prostate cancer, LM lung oligometastases, p/fRCC primary/recurrent renal cell

carcinoma, SBRT stereotactic body radiotherapy (17, 20, 25).

5.1.1 Cohort with OPCA

All patients with OPCA were staged with PSMA-PET/CT before SBRT. Based on the D’ Amico risk
classification (29), 41 (82%), three (6%), and four (8%) patients were classified as having high,
intermediate, and low risk, respectively. In two (4%) cases, data on risk class were missing. In 31
(62%) patients, the primary tumor was treated with radical prostatectomy (RP) followed by adjuvant
or salvage radiotherapy. Unimodal treatment with RP or radiotherapy alone was used in 15 (30%) and
four (8%) cases, respectively. The median PSA value at the initial diagnosis and before the SBRT for
oligometastases was 9.8 ng/mL (range: 0.54-195) and 1.9 ng/mL (range: 0.16-59.8), respectively. At
the time of SBRT, 35 (70%) patients were free from ADT, whereas 15 (30%) were undergoing ADT.
In 25 (50%) and 24 (48%) patients, only lymph nodes or bones were affected.

11



5.1.2 Cohort with LM

The most common primary tumor was colorectal cancer, which was diagnosed in 17 (32.7%) patients,
followed by sarcoma in eight (15.4%), malignant melanoma in seven (13.5%), head and neck cancer
in six (11.5%), RCC in five (9.6%), non-small cell lung cancer in three (5.8%), and other entities in
six (11.5%) patients. Staging with FDG-PET/CT was performed in 11.5% of the cases. Forty-six
(88.5%) patients received systemic therapy before the initiation of SBRT. Synchronous OMD was
diagnosed in 12 patients (23.1%) with LM.

5.1.3 Cohort with p/rRCC

All patients had chronic kidney disease, which reached grade 3b in 40%, grade 2 in 30%, grade 3a in
20%, and grade 4 in 10% patients. There were 70% patients with cT1a and 30% with cT3a tumors.
Two patients were diagnosed with von Hippel-Lindau syndrome. The first-line treatment in half of
the patients was nephrectomy. Partial ipsilateral resection was performed in four (40%) patients and
partial contralateral resection of the kidney in three (30%) patients. Radiofrequency ablation was
performed in two (20%) patients. The mean * standard deviation (SD) serum creatinine level at the
baseline was 1.4 + 0.5 mg/dL (mean = SD glomerular filtration rate [GFR] 51.3 + 19.7 mL/min).

5.2 Survival outcomes

5.2.1 Cohort with OPCA

The median follow-up time was 34 months (range 5-70 months) (17). The 1- and 2-year OS rates
were 100% and 100% and 1- and 2-year PFS rates were 54% and 22%, respectively. Overall, four
(8%) patients died. At the time of the last follow-up, only one patient (2%) was free from disease
progression. The most common progression pattern was repeat OMD, observed in 32 (64%) patients,
followed by polymetastatic diseases in six (12%) and biochemical progression in six patients (12%).
Primary tumor recurrence occurred in three (6%) patients.

The TFFS rates at 1 and 2 years were 55.2% and 23.4%, respectively. At the time of the first
progression, the second course of SBRT was the treatment of choice in 24 (48%) patients with repeat
OMD. ADT was initiated in 14 (28%) ADT-naive patients and escalated in six (12%) patients with
ongoing hormone therapy. The 1- and 2-year ADT-FS rates were 76.4% and 60.5% and 1- and 2-year
ADTE-FS rates were 58.2% and 33.9%, respectively. Median ADT-FS was not reached, and median

ADTE-FS was 27 months (95% CI: 8.8-45.1).
12



5.2.2 Cohort with LM

With a median follow-up of 21 months (range: 3 — 68), the 1- and 2-year OS rates were 84% and 71%,
respectively (20). A total of 21 (40.4%) patients died. Progression was observed in 42 (80.8%) patients
with 1- and 2-year PFS rates of 26% and 15%, respectively.

5.2.3 Cohort with p/rRCC

The median follow-up period was 27 months (range: 15 — 54) (25). Two patients died after 15 and 16
months of age due to disease progression. The 1- and 2-year OS rate were 100% and 80%. None of
the patients required hemodialysis, and all patients remained stable for renal function at the time of
the last follow-up. The mean + SD serum creatinine level at the last follow-up was 1.5+ 0.8 mg/dL
(mean + SD GFR 51.6 +25.8 mL/min).

5.3 Local control rates and toxicity after SFRS and fSBRT

The total number of metastases treated was 168, of which 94 were located in the lung and 74 in either
the bone or lymph nodes (17, 20). One patient with LM from OPCA was included in both cohorts.
Overall, 13 primary or recurrent renal RCC lesions were treated (25). Baseline tumor and treatment

characteristics are shown in Table 2.
5.3.1 Cohort with OPCA

In total, only two metastases located in the bone and treated with SFRS (20 and 21 Gy) relapsed.
Median time to relapse has not yet been reached. The 1-year and 2-year LC rates after SFRS vs. fSBRT
were 98% and 96% vs. 100% and 100%, respectively (Fig 1 A). No differences in LC or toxicities

were observed between the two groups. Severe > grade 3 toxicities were not observed.
5.3.2 Cohort with LM

The 1-year and 2-year LC rates for SFSR vs. fSBRT were 89% and 83% vs. 75% and 59%,
respectively (p=0.026) (Fig 1 B). In total, 22 metastases relapsed, of which 72.2% were treated with
fSBRT. Median time to relapse for metastases treated with fSBRT was 32 months (95% CI: 21.3—
42.7). The median time to relapse for lesions treated with SFRS was not reached. Metastases treated
with SFRS (median diameter = 12 mm) were significantly smaller than those treated with fSBRT
(median diameter = 16 mm, p=0.003). In univariate analysis treatment with SFRS (HR 2.7; 95% CI:
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1.0-7.0, p=0.04), non-colorectal histology (HR 0.2; 95% CI: 0.1-0.6, p=0.004), BED < 100 Gy (HR
2.7;95% CI: 1.1-6.4, p=0.02), and treatment started within 12 months after metastasis diagnosis (HR
2.5; 95% CI: 1.1-6.0, p=0.03) were linked to better LC. None of these factors remained significant in
multivariate analysis.

Regarding toxicities, both treatments were well tolerated, with no grade >3 side effects. Six patients
(11.5%) had grade 1 pneumonitis. In one patient (1.9%), treatment with prednisolone was indicated
owing to symptomatic grade 2 pneumonitis. Grade 1 late pulmonary fibrosis was observed in one
patient (1.9%).

Table 2. Tumor and treatment characteristics

Lung metastases Lymph node Bone metastases p/rRCC
SFRS fSBRT SFRS fSBRT  SFRS fSBRT  SFRS fSBRT
Number 45 49 26 13 33 2 8 5
PTV (cc)
median 10 24 3 5 5 16 18 66

range 291 6-165 1-14 3-23 1-62 14-17 4-31 17-190

Number of fractions

median 1 4 1 3 1 3 1 3

range - 2-12 - 3-6 - - - -
PTV-encompassing single dose (Gy)

median 24 12 20 8 20 9 25 12

range 17-26  4-18 18-22 5-10 16-24 8-10 24-25 -

PTV-encompassing prescription dose (Gy)

median 24 45 20 24 20 27 25 36

range 17-26 2060 18-22 19-29 16-24 24-30 24-25 -

Biological effective dose to the lesion (Gy)

a/B-ratio 10 3 3 6.9
median 82 106 153 88 153 108 116 99
range 46-94 43-151 126-183 60-88 101-216 88-130 108-116 99

Abbreviations: p/rRCC primary or recurrent renal cell carcinoma in the kidney, PTV planning treatment volume, SFRS

single fraction radiosurgery, fSBRT fractionated stereotactic body radiotherapy (17, 20, 25).
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Fig 1. Kaplan-Meier survival curves for local control (LC) by fractionation schedules single fraction
radiosurgery (SFRS) vs. fractionated stereotactic body radiotherapy (fSBRT) for (A) patients with
oligometastatic prostate cancer, (B) patients with lung oligometastases, (C) patients with

primary/recurrent renal cell carcinoma.

Acquired and adapted from “68Ga-PSMA-PETICT-based radiosurgery and stereotactic body radiotherapy for oligometastatic prostate cancer” by

A 100 ———s
80,
~ 60
2
3 40,
Fractionation:
20 =  SFRS
ol p=0.55 —— fSBRT
0 12 24 36 48 60 72
Number at risk Time (months)
SFRS 58 56 51 28 8 4
fSBRT 15 11 7 3
B 100
80,
~ 60
s
3 0 Fractionation:
20 —  SFRS
olp=0.03 —— fSBRT
0 12 24 36 48 60 72
Number at risk Time (months)
SFRS 45 2 15 4 1 1
fSBRT 49 23 15 6 3
C 100
80
~ 60
=
3 40
Fractionation:
20 ——  SFRS
olp=0.16 — fSBRT
0 12 24 36 48 60 72
Number at risk Time (months)
SFRS 8 8 4 3 ]
fSBRT 5 5 3

Kalinauskaite G, 2020, PLoS One, 15(10) licensed under Creative Commons Attribution (CC BY) (17), “Radiosurgery and fractionated stereotactic

body radiotherapy for patients with lung oligometastases” by Kalinauskaite GG, 2020, BMC Cancer, 20(1) licensed under CC BY (20) and “Robotic
stereotactic ablative radiotherapy for renal cell carcinoma in patients with impaired renal function” by Senger C 2019, BMC Urology 19(1)

licensed under CC BY (25).
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5.3.3 Cohort with p/rRCC

Only one lesion (7.7%) treated with 3 x 12 Gy relapsed after 5 months. The 1-year and 2-year LC
rates after SFRS vs. fSBRT were 100% and 100% vs. 100% and 80%, respectively (Fig 1 C). The
median tumor diameter for the entire cohort was 28.8 mm. No grade 2 or higher toxicity events were
observed. Grade 1 abdominal pain and grade 1 diarrhea with abdominal distention were observed in

two patients (20%). No difference in toxicities was observed between SFRS and fSBRT.

5.4 Prognostic factors for patients with oligometastases

A distant metastasis-free interval (DMFI) between the diagnosis of the primary tumor and the first
metastasis was linked to better outcomes in both cohorts with OMD (17, 20). Patients with OPCA
with DMFI > 36 months had significantly longer PFS (HR 0.5; 95% CI, 0.3-0.8; p=0.01) and TFFS
(HR 0.4; 95% ClI, 0.2-0.8; p=0.01). For the cohort with LM, a DMFI of 1-year or longer predicted
better OS (HR 0.2; 95% CI: 0.1-0.7, p=0.01).

In the cohort with OPCA, a lower PSA level with a cutoff of 1 ng/mL at the time of SBRT predicted
longer TFFS (HR 0.4; 95% CI: 0.2-0.9, p=0.03).

Furthermore, in the group with LM, good performance status (Karnofsky index >70%) was associated
with longer OS (HR 0.3; 95% CI: 0.1-0.8; p=0.03) and PFS (HR 0.4; 95% CI: 0.2-0.7; p=0.02). A
higher number of metastases with a cutoff of three before SBRT was associated with worse PFS (HR
2.7, 95% ClI: 1.4-5.4; p=0.003).

6. Discussion

In the present study, the efficacy and tolerability of SFRS were compared to those of fSBRT in the
oligometastatic setting and patients with p/rRCC at risk for renal failure/dialysis (17, 20, 25). I
observed that repeated SBRT might postpone the initiation and escalation of palliative ADT in OPCA.
Furthermore, this work complemented the existing knowledge about prognostic factors for survival
and treatment outcomes in patients with OPCA and LM.

To the best of my knowledge, no randomized trials have compared SFRS with fSBRT in the setting
of OPCA. Consequently, there are no recommendations regarding which treatment schedule is
preferred in this situation. Consistent with my findings, Siva et al. reported 2-year LC rates of 93%

after SFRS with 20 Gy for lymph node or bone oligometastases from PCA in a prospective, non-
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randomized study. The therapy was well tolerated, except for one patient with a grade 3 vertebral
fracture. Recently, a published meta-analysis investigated the relationship between LC rates and BED
after SBRT for 1,441 oligometastases in patients with OPCA (30). With minimal toxicity of only
1.3%, the authors found that a BED > 100 Gy was associated with significantly better LC rates (BED
<100 Gy LC=88% vs. BED > 100 Gy LC=96%). In the present study, the median BED for SFRS was
>100 Gy, whereas, for fSBRT, it was only 88 Gy (range: 60.16-88 Gy). In contrast to the meta-
analysis mentioned above, excellent LC rates without any difference in BED were observed. However,
the present results should be interpreted with caution as only 20% of metastases were treated with
fSBRT and thus received BED <100 Gy. In a retrospective series conducted by Muldermans et al.,
the relationship between dose escalation and LC was observed after treatment of 81 oligometastases,
of which 88% were treated using SFRS. The authors found LC rates at 2 years of only 58% for
metastases treated with 16 Gy compared with 95% after administration of a minimum of 18 Gy (p
<0.001) (31). No local recurrence was observed in metastases treated with >18 Gy. No grade 2 toxicity
events occurred. In the present study, two relapsed lesions were treated with SFRS > 18 Gy, and the
only lesion treated with 16 Gy was controlled after 51 months of follow-up. Although no consensus
on the optimal fractionation scheme can be derived from retrospective data, the current results
demonstrated that SFRS is a safe and effective treatment modality for patients with oligometastases
from PCA. Further randomized studies are needed to investigate the best fractionation schedules for
treatment outcomes and toxicity.

The LC after SBRT for LM observed in the present study is consistent with results reported in the
literature (6, 32, 33). Regarding fractionation regimens, SFRS with a median of 24 Gy and median
BED < 100 Gy proved to be superior to fSBRT in terms of recurrence rate. In contrast to the results
of some recently published studies, this study demonstrated that good LC can be achieved after SBRT
with a BED <100 Gy. It should be noted that metastases treated with SFRS were significantly smaller,
which may be linked to better LC, as some authors have reported an association between smaller
lesions and longer recurrence-free interval (32, 34, 35). However, other studies found no correlation
between LM size and LC rates (6, 36). Results from the recent phase 2 SAFRON 11 trial demonstrated
that SFRS is safe and effective compared with fSBRT for up to 3 LM, with a 1-year LC of 93% vs.
95% and grade 3 toxicity of 5% vs. 3% (37). For additional metastases and treatment characteristics,
the full publication must be awaited. The results of the present study show that small lesions with a
volume of 10 cc can be effectively and safely treated with the shortest possible treatment schedule.
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This analysis found that SBRT, either in a single fraction or in three fractions, is safe and efficient for
patients with impaired renal function experiencing p/rRCC. These findings are comparable to those
reported in the literature, where LC rates after 2 years range from 92.3% to 100% (23, 38, 39).
Considering the small number of lesions treated, no difference was observed between SFRS and
fSBRT in the present cohort. Furthermore, renal function remained unchanged after 2 years. Siva et
al. conducted a prospective interventional clinical trial that demonstrated SFRS vs. fSBRT to be
equally good in terms of LC after the treatment of 37 patients with unresectable T1a-T2a RCC (40).
SFRS was indicated for tumors <5 cm in diameter. Grade 3 toxicity was observed in only one patient
(3%), and no grade >4 toxicities were reported. In contrast to the present study, the authors observed
a GFR decline of 11 mL/min at 1 year. The median PTV of patients in present study was smaller
(SFRS: 17.5 cc [range: 3.8-31] and fSBRT: 66.2 cc [range: 17.4-190.3]) compared with the median
PTV reported by Siva and colleagues (SFRS: 77.2 cc [range: 51.8-89.4] and fSBRT: 166.8 cc [range:
133.1-214.2]). Smaller treatment volume could be one of the factors leading to better conservation of
nephrons and thus preservation of renal function. In a large retrospective series of 223 patients treated
with either SFRS (n=118) or fSBRT (n=105) for RCC with a median tumor diameter of 43.6
+27.7 mm, the mean decline of GFR by 5.5 +13.3 mL/min was reported (23). Tumors treated with
SFRS were significantly smaller, with a median diameter of 37.1 £ 10.6 mm. However, the authors
found no association between tumor size (T1a vs. >T1a), fractionation schedule (SFRS vs. fSBRT),
and renal function changes. Other factors such as pre-existing comorbidities (diabetes, cardiovascular
disease, and arterial hypertension) might influence renal function after SBRT. Considering the results
of this study and other retrospective and prospective phase | studies, SFRS showed excellent LC rates
in smaller RCC with preservation of renal function and limited toxicities. The results of the
prospective, phase Il, nonrandomized FASTRACK |11 trial of SFRS and fSBRT in unresectable RCC
are expected to validate SBRT as safe and effective in RCC (41).

Considering the role of SBRT in postponing ADT for patients with OPCA, several prospective trials
have been conducted (9, 10, 42). Two randomized phase 1l studies, OREOLE and STOMP, showed
that metastasis-directed therapy is superior to active surveillance, resulting in either prolonged PFS or
ADT-FS (9, 10). In the present study, the median ADT-FS was not reached after 34 months of follow-
up, which is notably better than in some prospective and retrospective studies (9, 30). The explanation
for this inconsistency may be the use of a second SBRT line in the majority of patients with repeat

oligoprogression after initial SBRT. In line with current results, Pasqualetti et al. reported a systemic
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therapy-free survival of 39.7 months after performing repeated SBRT for patients with < 3
oligometastases from PCA (43). The maximum number of SBRT lines administered in one patient
was five. In addition to delaying the onset of ADT, SBRT might be used to eradicate hormone-
resistant tumor cell clones, thus postponing the escalation of systemic therapy for further progression
(44). In six of 15 patients with ongoing ADT at the time of SBRT, systemic therapy was escalated
after a median time of 27 months. Triggiani et al. found that almost 50% of castration-resistant patients
after SBRT to up to three oligometastases have started with second-line therapy (45). The median
time to escalation was 22 months. Although the use of SBRT in patients with ongoing palliative
system therapy has not been investigated in prospective trials, it might not be limited to symptomatic
patients but used to control the therapy-refractory tumor burden.

It should be noted that even with novel imaging techniques such as PSMA-PET/CT, in some cases,
the micrometastases are underdiagnosed and thus remain untreated. A delay in the start or escalation
of systemic therapy leads to the manifestation of polymetastatic disease in these patients, which is
associated with increased mortality (46). In the STOMP study, 30% of patients in the MDT arm
developed polymetastases 1 year after SBRT (9). Regarding this, | observed better results, with only
six (12%) patients having >5 metastases at first progression after SBRT. Similar to the current study,
Bowden et al. showed a 17.6% rate of progression to polymetastatic disease within 2 years after
PSMA-PET/CT-based SBRT for a maximum of five lesions (47). | hypothesize that staging with
PSMA-PET/CT might lead to lower rates of polymetastases in the aforementioned and the present
study. Further studies are needed to identify patients who will most likely benefit from MDT in an
oligometastatic setting.

Furthermore, within my thesis, | asked the question, “What are potential prognostic factors for
OMD? . | found that longer DMFI significantly improved PFS and TFFS in patients with OPCA and
OS in a cohort of patients with LM. The OMD is classified as synchronous or metachronous
concerning the onset of the first metastasis. In synchronous OMD, the primary tumor and metastasis
are diagnosed simultaneously, whereas in metachronous OMD, there is a certain disease-free interval
until metastasis occurs. However, the definition of metachronous disease differs considerably in the
literature, with a disease-free interval varying between 2 and 78 months (48-51). In some studies,
synchronous OMD or shorter disease-free interval was associated with a more aggressive tumor
subtype, leading to worse treatment outcomes (52, 53). In the present study, a longer DMFI predicted
better survival in both cohorts with OMD, however, the cut-off value differed between OPCA and
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LM patients, suggesting that DMFI is not a universal prognostic factor but rather specific to primary
tumor type and metastatic potential. In line with current results, Franzese et al. found a DMFI of > 34
months to be a prognostic factor for distant PFS in 92 patients with OPCA (54). After analyzing
patients with a maximum of 5 LM from different primary tumors, Rieber et al. found that a longer
time interval between primary tumor diagnosis and SBRT for metastasis predicted a significantly
better OS (6). The researchers also found that patients with a prolonged interval to SBRT were
enriched in the subgroups of patients with breast and colorectal cancers. Further studies are needed to
determine a DMFI to predict treatment outcomes in an oligometastatic setting concerning the primary
tumor type.

Another prognostic factor found in the present study was a good performance status (Karnofsky index
>70%), which was observed only in the cohort with LM. Several other studies have reported
performance status as an important prognostic factor in patients with lung and liver oligometastases
(6, 55). This suggests that fragile patients should be considered more cautiously for curative therapies,
as palliative treatment might be a better option in this case.

The major limitations of this study are its retrospective design, the bias in patient selection, and the
relatively small sample size. Additionally, the number of metastases treated with SFRS in the cohort
with OPCA was four times greater than that in those treated with fSBRT.

This study demonstrated that SFRS is safe and effective for the treatment of selected patients with
oligometastases and p/rRCC with renal function impairment. SFRS is particularly important during a
“pandemic” times by reducing patient-to-healthcare workers’ exposure without compromising

oncologic outcomes in a subgroup of patients.
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Abstract

Background

Androgen deprivation therapy (ADT) remains the standard therapy for patients with oligome-
tastatic prostate cancer (OMPC). Prostate-specific membrane antigen positron emission
tomography/computed tomography (PSMA-PET/CT)-based stereotactic body radiotherapy
(SBRT) is emerging as an alternative option to postpone starting ADT and its associated
side effects including the development of drug resistance. The aim of this study was to
determine progression free-survival (PFS) and treatment failure free-survival (TFFS) after
PSMA-PET/CT-based SBRT in OMPC patients. The efficacy and safety of single fraction
radiosurgery (SFRS) and ADT delay were investigated.

Methods

Patients with <5 metastases from OMPC, with/without ADT treated with PSMA-PET/CT-
based SBRT were retrospectively analyzed. PFS and TFFS were primary endpoints. Second-
ary endpoints were local control (LC), overall survival (OS) and ADT-free survival (ADTFS).

Results

Fifty patients with a total of 75 metastases detected by PSMA-PET/CT were analyzed. At
the time of SBRT, 70% of patients were castration-sensitive. Overall, 80% of metastases
were treated with SFRS (median dose 20 Gy, range: 16—-25). After median follow-up of 34
months (range: 5-70) median PFS and TFFS were 12 months (range: 2-63) and 14 months
(range: 2-70), respectively. Thirty-two (64%) patients had repeat oligometastatic disease.
Twenty-four (48%) patients with progression underwent second SBRT course. Two-year LC
after SFRS was 96%. Grade 1 and 2 toxicity occurred in 3 (6%) and 1 (2%) patients,
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Introduction

For stage IV prostate cancer (PCA) palliative systemic therapy with androgen deprivation and/
or chemotherapy with docetaxel remains the standard of care [1]. However, some patients
with a limited number of metastases have a less aggressive disease course and might be treated
with metastasis directed therapy (MDT) for all tumor sites as an alternative to systemic treat-
ment [2]. These patients represent a condition known as oligometastatic disease, which is
defined as an intermediate state between localized cancer and widespread metastases [3]. In
the context of oligometastatic prostate cancer (OMPC), the desired effect of MDT is to post-
pone the start or escalation of androgen deprivation therapy (ADT) or in some cases even to
achieve long lasting remission [4]. As a result, delayed onset of ADT-associated side effects
and the inevitable emergence of therapy resistant PCA can be assumed.

The advent of positron emission tomography (PET) with different tracers has improved the
diagnosis of patients with OMPC by detecting early recurrence. The prostate-specific mem-
brane antigen (PSMA) is a membrane-specific type II glycoprotein that is overexpressed in
more than 80% of PCA cells and is therefore an ideal target for diagnostic imaging [5, 6].
Recently Gallium-68-labelled PSMA PET computed tomography (PSMA-PET/CT) was found
to be superior in localizing actively metabolizing tumor in patients with primary diagnosis or
recurrence of PCA compared to conventional imaging modalities and choline-based PET/CT
[7-11]. The detection rates for PSMA-PET/CT reported in the literature vary from 46% to
97% depending on the levels of prostate-specific antigen (PSA) [12-15]. Some authors
observed detection rates of >50% in patients with PSA <0.5 ng/mL [16, 17]. Such a high sensi-
tivity allows identification of very early recurrences with lesions <5 mm in size [10].

One-year local control (LC) rates reported after fractionated stereotactic body radiotherapy
(fSBRT) for patients with oligometastatic prostate cancer vary from 93-100%. Besides, no
grade >3 adverse events have been observed [18-20]. In this regard, single fraction radiosur-
gery (SFRS) is particularly attractive, since LC rates seem to be equally effective but treatment
is delivered in a single session [21].

The primary aim of this study was to assess progression-free survival (PFS) and treatment
failure free-survival (TFFS) after PSMA-PET/CT-based SFRS or fSBRT in patients with
OMPC with up to five metastases. Further endpoints included safety and efficacy of SFRS,
overall survival (OS) and possible delay of ADT initiation.

Materials and methods
Study population

In this retrospective analysis men with de-novo oligometastatic PCA (synchronous oligometa-
static disease or metachronous oligorecurrence or metachronous oligoprogression) who
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received curative 68Ga-PSMA-PET/CT-based SBRT for all metastases were included [22]. No
more than 5 metastases in <3 organs were allowed. The first metastasis was diagnosed after
median time of 37 months (1-199) from the initial diagnosis of PCA. All men had curative
therapy for prostate cancer. Both castration sensitive and castration resistant patients were eli-
gible for this study. The patients who started ADT and SBRT at the same time and patients
with previous SBRT were excluded.

This single center study was approved by the institutional medical ethics committee of the
Charité-Universititsmedizin Berlin (EA1/214/16).

Radiotherapy

SBRT/SFRS was performed using mainly the CyberKnife (CK) Robotic Radiosurgery System
(Accurray®), USA) and dedicated stereotactic linear accelerator. CK Fiducial ® Tracking
(Accurray®), USA) was applied if indicated (e.g. lymph nodes expected to shift independently
to the bone) with one gold fiducial (1.0 mm x 5.0 mm) being placed within/close to the target
under CT guidance. Otherwise, patients were aligned to the spine using XsightSpine® Track-
ing (Accuracy®), USA) or ExacTrac-based spine alignment (BrainLab®), Germany). A thin-
slice planning CT with 1.0-2.0 mm slices in supine position was obtained. PSMA-PET/CT
images were co-registered for contouring. The gross tumor volume was contoured on all axial
CT slices. The clinical target volume corresponded to the gross tumor volume. The planning
target volume was created by adding a 2-5 mm margin around the clinical target volume. A
SFRS/fSBRT dose was prescribed to the 70-80% isodose surrounding the planning target vol-
ume (Fig 1).

The fractionation regiments were selected taking into account the location of the lesion. If
the irradiated metastasis was in the immediate vicinity of the organs at risk and therefore dose
restrictions could not be met, fSBRT was indicated. Otherwise, SFRS was preferred over
fSBRT for patient comfort, economic and logistic advantages.

Follow-up

Follow-up was obtained every 3 months after SBRT within the first two years and half-yearly
thereafter. Adverse events were scored using the National Cancer Institute Common Toxic-
ity Criteria version 4. Additionally, patients attended routine follow-up visits at their
urologist.

Fig 1. PSMA-PET/CT based radiotherapy treatment plan of CyberKnife treatment system for bone metastasis located in the left ilium.

https://doi.org/10.1371/journal.pone.0240892.g001
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Endpoints

Endpoints of the study were PES, TFFS, local control (LC), ADT-free survival (ADTFES), ADT-
escalation-free survival (ADTEFS) and OS calculated from the start of SBRT. PFS was defined
as freedom from biochemical failure, in-field progression, distant metastases or death. For
TFES new tumor-directed therapy (e.g. repeated SBRT, start of ADT, escalation of an ongoing
ADT, surgery, chemotherapy) or death were determined as events. For LC, the in-field pro-
gression was counted as an event and was defined as an increase of metastasis volume or local
regrowth within the PTV. LC was assessed using conventional (CT or MRT) or functional
(PSMA-PET/CT) imaging. ADTEFS was the interval until onset of ADT or death, whereas
ADTEFS was defined as time to ADT-escalation or death for patients with ongoing ADT. For
OS death of any cause was determined as an event.

Statistical analysis

Survival analysis was conducted using the Kaplan-Meier method. The Cox proportional haz-
ard model was used in univariate and multivariate analyses to calculate hazard ratios (HR)
with 95% confidence intervals (95% CI). Covariates with a p-value < 0.1 in univariate analysis
were included in the multivariate analysis. The Chi-square test was performed to compare var-
iables. A p-value of <0.05 was considered to be statistically significant. Data processing and
statistical analysis were conducted using FileMaker Pro 15 Advanced, Excel 2010 and IBM
SPSS Statistics 24 (SPSS Inc., Chicago, IL, USA).

Results

Between January 2012 and December 2016, 50 patients with OMPC and 75 oligometastases
detected by PSMA-PET/CT were treated with SBRT to all tracer-avid metastatic lesions.
Patients, metastases, and treatment characteristics are summarized in Table 1 and S1 Table. At
the initial diagnosis of PCA, 41 patients (82%) were classified as high risk according to the
D’Amico classification [23]. Three (6%) and 4 (8%) patients had low- and intermediate-risk
PCA, respectively. In 2 (4%) patients the risk class was unknown. Fifteen patients (30%) were
castration resistant. Median time from PCA diagnosis to the first metastasis (TTM) was 37
months (range: 1-199). Forty-eight (96%) patients had single organ involvement. The median
number of metastases treated per patient was one (range: 1-5). SERS with a median PTV-sur-
rounding dose of 20 Gy (range: 16-25) was applied to 60 (80%) metastases, 13 (17.3%) received
fSBRT with 24 Gy in 3 fractions (3 x 8 Gy) and 2 other schedules (2.7%) (52 Table).

With a median follow-up of 34 months (range: 5-70), the 1-, 2-years PES and TFFS were
54%, 22%, and 55.2%, 23.4%, respectively (Fig 2A and 2B). Median PFS and TFES were 12
months (95% CI: 7.6-16.3) and 14 months (95% CI: 10-17.9), respectively. The TFES signifi-
cantly improved in patients with time to first metastasis >36 months (Fig 2C). Progression
occurred in 49 patients (98%), with 32 patients (64%) having repeat oligometastatic disease
with median two new metastases (range: 1-5). Forty-two (84%) patients underwent repeated
PSMA-PET/CT due to a rising PSA. Treatment failure was observed in 46 patients (92%). Of
these, 24 patients (48%) were treated with a second course of PSMA-PET/CT-based SBRT.
The median time from the first to the second course of SBRT was 17 months (95% CI: 9.7-
24.2). Fourteen patients (28%) started ADT, whereas in 6 patients (12%) ADT was escalated.
The pattern of progression and new tumor-directed therapies is presented in Table 2. At the
last follow-up, 31 (62%), 13 (26%), 3 (6%), and 1 (2%) patients had 2, 3, 4, and 5 courses of
SBRT, respectively.

Local control was available for 73 lesions. The 1-, 2-year LC rates after SFRS and fSBRT
were 98%, 96% and 100%, 100%, respectively (Fig 2D). There was no significant difference
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Table 1. Patients, tumor and treatment characteristics.

Characteristic I Value
Age at PCA diagnosis, years

Median (range) | 62 (47-75)
PSA at PCA diagnosis, ng/mL

Median (range) 9.8 (0.54-159)
PSA at SBRT, ng/mL

Median (range) | 1.9 (0.16-59.8)
Gleason score, N (%)

<6 3(6)

7 28 (56)

=8 18 (36)

unknown 1(2)

Primary tumor size (T), N (%)

c/pT1-T2b 16 (32)

c/pT2c-T3 32 (64)

Tx 2(4)

Regional lymph node involvement at PCA diagnosis, N (%)

c/pNO 36 (72)

c/pN1 11 (22)

Nx 3(6)

PCA treatment, N (%)
RP 15 (30)
RT 4(8)
RP and RT 31(62)
ADT at the time of SBRT, N (%)

no 35 (70)

yes 15 (30)
Time to metastases from diagnosis of PCA (months)

Median (range) | 37 (1-199)
Number of metastases treated at first SBRT, N (%)

1 35(70)

2 9 (18)

3 3(6)

4 2(4)

5 1(2)

Primary site of metastases, N (%)

Lymph node 24 (48)
Pelvic 15 (62.5)
Extra-pelvic 8(33.3)
Both 1(4.2)

Bone 23 (46)

Bone and lymph node 2(4)

Lung 1(2)

Maximal SUV of PSMA-PET/CT
Median (range) ‘ 6 (2.6-42)
Fractionation schedules, N (%)

SFRS 60 (80)

3 fractions 13(17.3)

(Continued)
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Table 1. (Continued)

Characteristic | Value

other [2 (2.7)
Median dose (Gy) for SERS (range) 20 (16-25)
Median dose (Gy) for fSBRT(range) | 24 (19.2-28.8)

Abbreviations: ADT = androgen deprivation therapy; fSBRT = fractionated stereotactic body radiotherapy;
PCA = prostate cancer; PSA = prostate-specific antigen; PSMA-PET/CT = prostate-specific membrane antigen
positron emission tomography/computed tomography; RP = radical prostatectomy; RT = radiotherapy;

SBRT = stereotactic body radiotherapy; SFRS = single fraction radiosurgery; SUV = standardized uptake value.

https://doi.org/10.1371/journal.pone.0240892.t001

observed for LC in SFRS and fSBRT groups (p = 0.55). Two (2.7%) bone metastases relapsed
after SFRS with 20 Gy and 21 Gy, respectively. One was repeatedly treated with fSBRT.

At the last follow-up, 42.9% (15/35) of primarily ADT-naive patients started treatment with
ADT. The 1- and 2-year rates for ADTFS were 76.4% and 60.5%, respectively. Median ADTFS
was not reached. ADT escalation was performed in 73.3% (11/15) of patients, with 1- and
2-year ADTEFS rates being 58.2% and 33.9%, respectively. The median ADTEFS was 27
months (95% CI: 8.8-45.1). Four patients were dead at the time of analysis. 1-, 2- and 5-years
OS rates were 100% and 100% and 80.3%. Median OS was not reached (Fig 2E). There was a
trend towards better OS in patients treated with the second course of SBRT compared to
patients receiving other therapy (Fig 2F).

Results of univariate and multivariate analysis of clinical prognostic factors affecting PES
and TFFS are summarized in Table 3. In multivariate testing, a TTM >36 months (p = 0.01)
and PSA <1 ng/ml before SBRT predicted significantly longer TFFS (p = 0.03). In addition, a
longer PFS in univariate analysis was observed (p = 0.01) in patients with a TTM >36 months.
Multivariate analysis for PFS was not conducted because only one covariate had a p-value
<0.1.

Acute grade 1 toxicity was observed in three (6%) patients: 1 fatigue, 1 pain within the irra-
diated region, and 1 subacute pneumonitis. Only 1 (2%) grade 2 fatigue was observed. No
grade 3 or higher acute or any late toxicity occurred. No significant differences in terms of tox-
icities between SFRS and fSBRT were observed (p = .58).

Discussion

This study complements the existing literature on metastases-directed therapy (MDT) for
patients suffering from OMPC in several ways. First, we analyzed a large number of metastases
treated with PSMA-PET/CT based SFRS. Second, we reported outcomes after repeated use of
SBRT with the intention to defer the start or escalation of palliative ADT.

To the best of our knowledge, there are only two randomized studies that examined MDT
in comparison to observation for OMPC patients. In the STOMP Phase 2 trial, either SBRT
with 10 Gy in 3 fractions or surgery was used after staging with choline PET/CT [2]. Lately
announced 5-year follow-up results showed significantly lower rates of ADT onset in patients
after MDT (34% vs 8%, p = 0.06). The most recent ORIOLE phase 2 trial investigated the pro-
gression rate at 6 months after SBRT for up to 3 metastases [24]. Although PSMA-PET/CT
was performed at baseline, it was blinded to the radiation oncologist so that in some patients
not all PSMA-avid lesions were treated. The intervention arm showed a significantly reduced
progression rate of 19% vs 61% (p = 0.005). Furthermore, patients with no additional PSMA-
avid lesions at baseline had longer distant metastasis free survival (29 months vs 6 months,
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Fig 2. Kaplan—Meier survival curves for: (A) progression-free survival (PFS), (B) treatment failure-free survival (TFES) (C) treatment failure-free survival by time from
PCA diagnosis to first metastasis: >36 months vs <36 months, (D) local control (LC) by fractionation schedules: single fraction radiosurgery (SFRS) vs fractionated
stereotactic body radiotherapy (fSBRT), (E) overall survival (OS), (F) overall survival by therapy initiated after progression: repeated SBRT (re-SBRT) vs other.

https://doi.org/10.1371/journal.pone.0240892.9002
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Table 2. Progression pattern and therapy initiated in case of treatment failure in all patients.

Progression pattern Number (%) Therapy in case of TF Number (%)
Repeat OMPC (5 < metastases) 32 (64) |
SBRT 22 (68.8)
| ADT initiation 7 (21.9)
ADT escalation 1(3.1)
combined 1(3.1)
no 1(3.1)
Polymetastatic disease (5 > metastases) 6(12)
ADT initiation 4 (66.7)
| ADT escalation 2(33.3)
Biochemical (PSA) progression 6(12)
ADT initiation 3 (50)
| ADT escalation 3 (50)
In-field progression 2(4)
SBRT 1(50)
Surgery 1 (50)
Prostate/prostatic lodge recurrence 3(6)
SBRT 1(33.3)
no 2 (66.7)
No progression 1(2) no 1(100)

Abbreviations: AD'T' = androgen deprivation therapy; OMPC = oligometastatic prostate cancer; PSA = prostate-specific antigen; SBRT = stereotactic body radiotherapy;
TF = treatment failure.

https://doi.org/10.1371/journal.pone.0240892.t002

p = 0.0008), suggesting that PSMA-PET/CT-based SBRT may not only serve to treat existing
metastases, but may also modulate course of disease.

In our analysis, the majority of patients (64%) with a progression after SBRT developed up
to five new metastases and were therefore still considered to have a repeat OMPC. Other
authors reported similar results, with 70-75% of patients treated with SBRT remaining oligo-
progressive or oligorecurrent after distant relapse with median <3 metastases [25, 26]. This
implies that in case of progression most patients are still eligible for further MDT.

Median PFS reported in the literature varies from 3 to 24 months (Table 4). Some authors
observed a 21-month difference in median PES in castration-sensitive versus castration-resis-
tant patients with a maximum 3 bone metastases [20]. Furthermore, another small series
found 1-year PFS rates to be 67% vs 0% in castration-sensitive compared to castration-resistant
patients after radiotherapy to a maximum 3 metastases [18]. Such a difference in PFS between
the groups raises the question of whether patients with progression despite hormone therapy
are suitable candidates for MDT alone. However, in some castration-resistant patients, pro-
gression is limited only to a few sites, while the remaining disease is controlled by systemic
therapy. In this case, the eradication of castration-resistant metastases using MDT allows a
continuation of ongoing ADT and thus spares a second-line hormone or chemotherapy for
further progression [27]. In contrast to the aforementioned studies, Valeriani and colleagues
observed a relatively high median PFS of 18.4 months in 29 castration-resistant patients with
oligoprogressive PCA treated with local radiotherapy for up to 3 metastases [28]. In present
study, no differences in PFS in patients with or without ADT at the time of SBRT was
observed.

In the case of repeat OMPC, multiple SBRT might be used as a bridging treatment to delay
palliative system therapy. Recently, prospective analysis of 199 OMPC patients (76.4% staged

37

PLOS ONE | https://doi.org/10.1371/journal.pone.0240892 October 21, 2020 8/15



PLOS ONE

68Ga-PSMA-PET/CT-based radiosurgery and stereotactic body radiotherapy for oligometastatic prostate cancer

Table 3. Univariate and multivariate analysis of factors influencing PFS and TFFS.

PFS TFFS
Univariable Univariable Multivariable

Determinant HR (95% CI) | p-value HR (95% CI) ‘ p-value HR (95% CI) ‘ p-value
Time from PCA to first metastasis (months)

> 36 1 B 1 . [1 v

< 36 2.17 (1.20-3.91) | 0.01 2.18(1.18-4.02) ‘ 0.01 2.54 (1.33-4.82) [ 0.01
Gleason score

<7 i1 1 N.A.

>7 1.20 (0.66-2.17) | 0.55 0.99 (0.73-1.33) N 0.96 ‘
Primary tumor size

T<2 1 1 N.A.

T>2 0.98 (0.53-1.79) |0.95 0.99 (0.53-1.84) 10.99 \
Regional lymph node involvement at PCA diagnosis

NO 1 ) K ) | N.A

N1 1.50 (0.75-3.00) I 0.25 1.66 (0.83-3.32) ‘ 0.15 {
Initial PSA (ng/ml)

<10 1 1 N.A.
>10 0.89 (0.47-1.60) [ 065 0.91 (0.49-1.67) 10.75 [
PSA (ng/ml) before SBRT

<1 1 1 1

> 1 1.69 (0.88-3.22) l0.11 1.02 (0.99-1.05) 10.06 2.25 (1.10-4.59) 1 0.03
Salvage radiotherapy after prostatectomy

Yes 1 1 N.A.

No 1.27 (0.71-2.27) ‘ 0.43 1.27 (0.70-2.31) ‘ 0.43 ‘
Concomitant ADT

Yes 1 1 N.A.

No 1.57 (0.84-2.93) | 0.16 1.69 (0.88-3.25) l 0.11 [
Number of metastases at SBRT

1 1 1 1

>1 1.54 (0.84-2.83) I 0.16 1.70 (0.91-3.17) \ 0.10 1.42 (0.73-2.73) ‘ 0.30
Number of affected organs

1 1 1 N.A.

>1 1.53 (0.54-4.34) |0.42 1.72 (0.61-4.90) 1031 \
Bone metastases

No 1 1 N.A.

Yes 0.81 (0.46-1.42) | 0.46 0.84 (0.47-1.51) ‘ 0.56 ‘
Extra-pelvic lymph node metastases

No 1 1 N.A.

Yes 0.75 (0.32-1.73) I 0.50 0.62 (0.27-1.48) \ 0.29 ‘

Abbreviations: CI = confidence interval; HR = hazard ratio; NA = not assessed; PCA = prostate cancer; PFS = progression free-survival; PSA = prostate-specific antigen;

SBRT = stereotactic body radiotherapy; TFFS = treatment failure-free survival.

https://doi.org/10.1371/journal.pone.0240892.t003

with PSMA-PET/CT) with <5 metastases after SBRT reported 31.7%, 9.5% and 4% of patients
receiving second, third, and fourth courses of SBRT [29]. After a median follow-up of 35.1
months, the majority of patients (51.7%) did not require a further tumor directed therapy. In
49.3% of patients palliative systemic- or radiotherapy had been postponed for a median time
of 27.1 months (95% CI 21.8-29.4). Bouman-Wammes et al. investigated the impact of SBRT
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Table 4. Studies on SBRT for OMPC patients.

Reference | Year | No. of No. | Met. location Castration Radiotherapy Treatment outcomes
patients/ | of sensitivity PES ADTES
met. | met.
Prospective
Phillips et al. 2020 | 54/72 =3 LN = 33% 100% SBRT with 19.5t0 48.0 Gy in 1 | Median in SBRT arm N.A.
(ORIOLE) [24] Bone = 21% to 3 fractions was not reached after
18.8 months of FU vs 5.8
months in observation
arm
Siva etal. [21] 2018 | 33/50 <3 LN = 36.4% 67% SERS with 20 Gy 1-yr: 58% 2-yr: 48%
Bone = 60.6% 2-yr: 39%
; | |Both=3.0%
Ost et al. 2017 | 62/116 <3 LN = 54.8% 100% SBRT in 80.6% Median 10 months in Median 21 months in
(STOMP) [2] Non: MDT arm vs 6 months MDT arm vs 13 months in
nodal = 45.2% in surveillance arm surveillance arm
Retrospective
Hurmuzetal. | 2020 | 176/353 <5 LN = 34.7% Unknown SBRT in 73% with median 27 | Median 39.3 months N.A.
[31] Bone = 42.6% Gy in median 3 fractions;
Conventional RT in 27% with
| , . Both =22.7% median 60 Gy 2-yr: 63.1%,
Nicosia et al. 2020 | 109/155 <5 LN = 100% 100% SBRT with median 36 Gy in Median 14.5 months Median 15 months
[32] 4-7 fractions 1-yr: 54.6%
2-yr: 32.8%,
Ochus et al. 2020 | 78/185 <5 LN = 68.2% Unknown SBRT in 20.5% Median: 17.0 months Median not reached after
[33] Bone = 45% 16 months of follow-up
‘ Visceral = 6.5% 1-yr: 55.3%,
Franzeseetal. | 2019 | 92/119 <5 LN, bone and 66% SBRT with median 42 Gy in 2 | Median 9.4 months N.A.
[34] visceral to 8 fractions 1-yr: 42.8%
| | 3-yr: 16.7%,
Patel et al. [20] | 2019 | 51/64 <3 Bone = 100% 82% SBRT with 24 to 30 Gy in 3 or | Median 24 months in N.A.
5 fractions castration sensitive vs 3
months in castration
resistant
Valeriani etal. | 2019 | 29/37 <3 LN =5.4% 0% SBRT for 16.2% Median 18,4 months N.A.
[28] Bones = 83.8%
Other = 10.8% 2-yr: 38.3%
3-yr: 8.5%,
Ongetal. [19] | 2019 | 20/26 <3 |LN=75% 100% SBRT with 30 Gy in 3 fractions | 1-yr: 62% 1-yr: 70%
Bone = 15% and 35 to 40 Gy in 5 fractions
| | Both = 10% »
Guler et al. [18] | 2018 | 23/38 <3 LN = 44.7% 57% Hypofractionated RT 1-yr: 51% N.A.
Bone = 55.3%
Triggiani etal. | 2017 | 141/209 <3 LN = 79% 71% SBRT with 24 to 45 Gy in 3 to | Median in castration Median ADTFS 20.9
[35] Bone = 21% 6 fractions sensitive 17.7 months vs | months in castration
11 months in castration | sensitive vs median
resistant ADTEFS 22 months in
castration resistant
Bouman- 2017 | 43/54 <4 | LN=76.6% 100% SBRT with 30 or 35 Gyin3or | N.A. Median 15.6 months
Wammes et al. Bone = 20.9% 5 fractions
[30]
Both =2.3%
Pasqualetti 2016 | 29/45 <3 |LN=555% 62% SBRT with 24 Gy or 27 Gyin 1 | N.A. Median (systemic therapy
etal. [36] Bone = 44.5% or 3 fractions free survival) 39.7 months
(Continued)
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Table 4. (Continued)

Reference Year No. of No. | Met.location Castration Radiotherapy Treatment outcomes
patients/ | of sensitivity PES ADTES
| met. met. | | |
Decaestecker 2014 | 50/70 <3 LN = 54% | 100% SBRT with 30 or 50 Gy in 3 or | Median 19 months | Median 25 months
etal. [25] Bone = 44% 10 fractions | 1-yr: 82%
Visceral = 2% 1-yr: 64% | 2-yr: 60%
‘ _ ‘ | 2-yr: 35%, ‘
Current study | 2020 | 50/75 <5 LN = 48% | 70% SFRS 80% with median 20 Gy | Median 12 months Median not reached
Bone = 46% |
Both = 4% 1-yr: 54% | 1-yr: 76%
Visceral = 2% 2-yr: 22% 2-yr: 60%

Abbreviations: ADTFS = androgen deprivation therapy-free survival; LN = lymph node; MDT = metastasis directed therapy; N.A. = not assessed;

OMPC = oligometastatic prostate cancer; RT = radiotherapy; SBRT = stereotactic body radiotherapy; SFRS = single fraction radiosurgery.

https://doi.org/10.1371/journal.pone.0240892.t004

on delaying ADT for 43 hormone-sensitive PCA patients with <5 metastases detected using
choline-PET-CT [30]. The second SBRT course was applied in 16.3% of patients with a
median 19.8 months between the courses, which is in line with our results. The median
ADTES observed within this group was 32.1 months (95% CI: 7.8-56.5). Furthermore, Trig-
giani and colleagues observed a 18% rate of repeated SBRT in 141 patients with hormone-
sensitive and castration-resistant OMPC treated with SBRT for up to 3 metastases [35]. In
our cohort, a second SBRT course was the treatment of choice in almost 50% of patients
with progression and thus ADT initiation or escalation was delayed. The median ADTEFS
was not reached after 34 months follow-up. Furthermore, we observed a trend (p = 0.055)
toward better OS after second SBRT course compared to other therapy initiated after
progression.

The median ADTES reported in the literature for patients with OMPC after MDT varies
between 20.9 and 39.7 months, which is comparable to our results Table 4. However, the
results of different studies should be compared with caution, due to diverse inclusion criteria
(e.g. number of metastases), staging methods (PSMA/PET-CT, FDG/PET-CT), treatment
modalities (SBRT, surgery) and different indications for ADT start used.

In our analysis SFRS showed excellent LC rates of 96% at 2 years with no grade >3 adverse
events. Siva et al. prospectively analyzed safety and feasibility of SFRS with 20 Gy for bone and
lymph node metastases staged with sodium fluoride PET/CT. After treating 50 lesions in 33
patients, the authors observed 1- and 2-year LC rates of 97% and 93%, respectively. Grade 3
adverse events were observed in one patient (3%) [21]. Muldermans et al. reported LC at 2
years of 82% after treating 69 patients with 81 metastases— 88% received SFRS with a median
dose of 16 Gy (range: 16-24) [37]. Seventy percent of patients were staged with choline PET/
CT. In multivariate analysis, radiation dose >18 Gy was associated with better LC. No grade
>2 adverse events were observed. Although, the prescribed dose varied within the studies
emerging data including our study show that SFRS can be safely used in favor of patients’ con-
venience and provide excellent LC rates.

In our analysis a TTM of more than 36 months was found to be an independent prognostic
factor for prolonged TFES and was associated with greater PFS. Benefits might be explained by
an indolent tumor biology with a lower metastatic potential. Supporting this hypothesis, analy-
sis of a multi-institutional study on oligometastatic disease from several tumor entities showed
that longer TTM using the MDT-approach resulted in improved survival [38].
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The retrospective study design, relatively small sample size including heterogeneous
patients, inherent patient selection bias and lack of control group are the major limitations of
our study. Furthermore, the comparison between SFRS and fSBRT group needs to be inter-
preted with caution due to limited number of metastases treated with fSBRT. The majority of
patients had a high risk PCA, so conclusions for patients with low and medium risk of PCA
should be drawn carefully. Nonetheless, we were able to show the efficacy, safety, and excellent
local control rates after SERS use in OMPC patients.

Conclusions

In conclusion, our study suggests that PSMA-PET/CT-based SFRS might be considered a valid
treatment option for OMPC patients, including cases with repeat oligometastatic disease. This
way, the onset or escalation of palliative ADT and its potential side effects can be avoided.
Metastases treated with SFRS reached excellent local control rates with minimal toxicity. Low
PSA levels and longer TTM predicts elongated TFFS. Randomized studies are needed to sup-
port our findings.
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Abstract

Background: Patients with oligometastatic disease can potentially be cured by using an ablative therapy for all
active lesions. Stereotactic body radiotherapy (SBRT) is a non-invasive treatment option that lately proved to be as
effective and safe as surgery in treating lung metastases (LM). However, it is not clear which patients benefit most
and what are the most suitable fractionation regimens. The aim of this study was to analyze treatment outcomes
after single fraction radiosurgery (SFRS) and fractionated SBRT (fSBRT) in patients with lung oligometastases and
identify prognostic clinical features for better survival outcomes.

Methods: Fifty-two patients with 94 LM treated with SFRS or fSBRT between 2010 and 2016 were analyzed. The
characteristics of primary tumor, LM, treatment, toxicity profiles and outcomes were assessed. Kaplan-Meier and Cox
regression analyses were used for estimation of local control (LC), overall survival (OS) and progression-free survival.

Results: Ninety-four LM in 52 patients were treated using SFRS/fSBRT with a median of 2 lesions per patient (range:
1-5). The median planning target volume (PTV)-encompassing dose for SFRS was 24 Gy (range: 17-26) compared to
45 Gy (range: 20-60) in 2-12 fractions with fSBRT. The median follow-up time was 21 months (range: 3-68). LC rates
at 1 and 2 years for SFSR vs. fSBRT were 89 and 83% vs. 75 and 59%, respectively (p = 0.026). LM treated with SFSR
were significantly smaller (p =0.001). The 1 and 2-year OS rates for all patients were 84 and 71%, respectively. In
univariate analysis treatment with SFRS, an interval of 212 months between diagnosis of LM and treatment, non-
colorectal cancer histology and BED < 100 Gy were significantly associated with better LC. However, none of these
parameters remained significant in the multivariate Cox regression model. OS was significantly better in patients
with negative lymph nodes (N0), Karnofsky performance status (KPS) > 70% and time to first metastasis =12 months.
There was no grade 3 acute or late toxicity.

Conclusions: Longer time to first metastasis, good KPS and NO predicted better OS. Good LC and low toxicity rates
were achieved after short SBRT schedules.
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Background

Metastatic progression of cancer is linked to poor prog-
nosis and is the leading cause of cancer-related deaths
[1]. Few decades ago, the diagnosis of metastatic disease
was related to lethal outcomes. This paradigm has chan-
ged after Hellman and Weichselbaum introduced the
concept of oligometastases: the intermediate state be-
tween non-metastatic cancer and highly palliative dis-
seminated metastatic disease [2]. Patients with an
initially limited number of metastases or with progres-
sion of only few lesions after cytoreductive therapy
might be potentially cured or reach long-term survival
when treated with local ablation therapy for all lesions.
The search for prognostic biomarkers for discrimination
of potentially oligometastatic patients is still ongoing. In
some small prospective studies circulating tumor cells as
well as circulating tumor DNA in liquid biopsies were
able to predict treatment outcomes and response to ab-
lative therapy [3]. However, until prognostic biomarkers
will be established for routine application, the selection
of patients that could benefit from local ablative therapy
rather than from palliation will be based on clinical
features.

The lungs are one of the most common metastatic
sites for various solid tumors [4, 5]. Stereotactic body
radiotherapy (SBRT) and surgical resection are fre-
quently used treatment options for patients with a lim-
ited number of pulmonary lesions. Although SBRT
compared to surgery for lung metastases have not been
studied in a prospective randomized trial, retrospective
data suggest that both methods achieve equal results in
terms of local control and overall survival [6, 7]. Single
fraction radiosurgery (SFRS) is especially attractive as an
outpatient procedure in terms of patients’ compliance,
cost effectiveness and limited treatment time. However,
up to now there is no recommendation when to admin-
ister SFRS over fractionated SBRT (fSBRT). The aim of
this study was to analyze local control (LC) after SFRS
and fSBRT in patients with lung oligometastases and
identify prognostic clinical features for better survival
outcomes.

Methods

Study design

This retrospective study was approved by the institu-
tional medical ethics committee of the Charité - Univer-
sititsmedizin Berlin (EA1/214/16). We identified all
patients with lung metastases treated with curative
intended SFRS or fSBRT between January 2010 and
December 2016. Cases with an initially limited number
of lung metastases from various solid tumors or with
oligo-progression after systemic therapy were selected
for the study. Patients with disseminated disease or with
a second malignancy were excluded. The data on
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patients” demographics, e.g. primary tumor and metasta-
ses, disease stage as determined by computed tomog-
raphy (CT), magnetic resonance imaging or positron
emission tomography, treatment parameters, follow-up
and LC, overall survival (OS), progression-free survival
(PES), distant metastases-free survival (DMFS) were calcu-
lated. Clinical follow-up was performed at 6 weeks after
SFRS/fSBRT and at 3, 6, 12, 18, and 24 months after treat-
ment and annually thereafter. Acute and late adverse
events were scored using NCI Common Terminology Cri-
teria for Adverse Events (CTCAE), version 4.0.

Treatment planning and delivery

SBRT was delivered using CyberKnife (CK) and Novalis
systems, both dedicated stereotactic linear accelerators.
For respiratory motion compensation, the CyberKnife
Synchrony® Respiratory Motion Tracking System was
used. In general, one gold fiducial (1.0 mm x 5.0 mm)
was placed centrally within the lung metastasis under
CT-guidance in local anesthesia. For lesions larger than
2 cm feasibility of X-sight lung tracking was evaluated. If
motion compensation was not possible (e.g. due to pa-
tients’ comorbidities or technical limitations) an internal
gross tumor volume (IGTV), defined as the gross tumor
volumes of all respiratory phases on a 4D CT was con-
structed. In these cases, patients were aligned on the
spine. High-resolution thin-slice native planning CT of
the chest with 1.0 to 2.0 mm slice thickness in supine
position was performed.

The gross tumor volume (GTV) was delineated on all
axial slices including spiculae in the lung window. The
clinical target volume (CTV) was equal to the GTV. The
planning target volume (PTV) was obtained by adding a
5—-8 mm margin to the CTV.

For CK treatments, doses were prescribed to the 70%
isodose covering the PTV and a total maximum of
100%. Novalis treatment was planned with less inhomo-
geneous dose distributions with the 80% isodose line of
the prescribed 100% dose encompassing the PTV and
allowing a maximum of up to 110% (Fig. 1).

The linear-quadratic model, assuming an alpha/beta
ratio of 10 Gy for tumor, was used to calculate the bio-
logically equivalent dose (BED) and the equivalent dose
in 2 Gy fractions (EQD2) for PTV-encompassing total
dose. Dose constraints to organs at risk for single frac-
tion treatment are shown in Table 1. Treatment plan-
ning for CK was performed in Multiplan® (Accuray)
using the Ray-Trace or Monte Carlo algorithm and for
Novalis in iPlan® (BrainLAB) using the Pencil Beam
algorithm.

Endpoints and statistical considerations
LC was defined as time from SFRS/fSBRT to tumor pro-
gression within the irradiation field or absence of
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Fig. 1 Treatment plan and dose distribution for (@) CyberKnife, (b) Novalis treatment system

CT #3 (Axial)
Slice 99 /174
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progression at last available follow-up. LC was assessed
using routinely CT scans every 3 months. PET-CT and/
or biopsy of irradiated metastasis was performed in cases
of uncertain progression detected on CT images. OS was
calculated from the beginning of SFRS or fSBRT until
the death of any cause or the date of last follow-up. The
time to new metastases in the lung outside of the SFRS/
fSBRT field or in other organs was defined as DMFS and
was calculated from the start of SFRS/fSBRT. PFS was
defined as the time from the start of SFRS/fSBRT until
progression of the primary tumor, development of new
metastases or local failure.

LC was compared between lung metastases treated
with SEFRS and fSBRT. The different fractionation regi-
mens in the same patient were allowed, thus fraction-
ation impact on OS, PFS and DMFS could not be
assessed.

OS, LC, DMFS and PFS after SFRS/fSBRT for lung
metastases were calculated using the Kaplan-Meier
method. Cox-regression analysis was used to obtain the
Hazard Ratio (HR) and 95% confidence intervals (CI) for

Table 1 Dose constrains for organs at risk of single fraction
radiosurgery

Organs at risk Max critical volume Threshold ~ Max point
above threshold (cm?) dose (Gy) dose (Gy)”

Spinal cord <035 100 14.0

Esophagus <5 119 154

Hearts/ <15 16.0 220

pericardium

Great vessels <10 310 37.0

Trachea and <4 105 20.2

large bronchus

Rib <1 220 300

Ipsilateral Lung - 90

(mean)

Point defined as 0.035 cm® or less

various covariates. Covariates with a p-value of <0.1
were included into the multivariate analyses carried out
with a Cox proportional hazards model with a threshold
of p <0.05. The chi-squared test was performed in order
to compare variables between groups. A p-value of <
0.05 was considered as statistically significant. The data
processing and statistical analyses were accomplished
using FileMaker Pro 15 Advanced, Excel 2010 and IBM
SPSS Statistics 24 (SPSS Inc., Chicago, IL, USA).

Results

Patient and tumor characteristics

The clinical, treatment and follow-up data of 52 eligible
patients were assessed. Thirty-two patients were male
(61.5%) and 20 were female (38.5%) with a median age
of 66 years (range: 26—84) and a median Karnofsky per-
formance status (KPS) of 80% (range: 60—100). The most
prevalent primary tumor was colorectal cancer (CRC) in
17 patients (32.7%). PET-CT staging before the SBRT
for lungs was performed in 7 (13.5%) patients. Twelve
patients (23.1%) had oligometastases at the time of
tumor diagnosis. The median time to first metastasis
was 19.5 months (range: 0-37.9). In 37 patients (71.2%)
metastases were limited to the lungs. Eight patients
(15.4%) had additional liver metastases and 3 patients
(5.8%) had brain metastasis. Forty-six patients (88.5%)
had systemic therapy prior to lung SBRT and 15 (28.8%)
after lung SBRT. Seventeen patients (32.7%) received im-
munotherapy at any time during the disease course. Pa-
tients’ and primary tumor characteristics are shown in
Table 2.

Treatment characteristics

Overall, 94 lung metastases were treated using SFRS/
fSBRT with a median of 2 lesions per patient (range: 1—
5). Metastases and SFRS/fSBRT characteristics are
shown in Table 3 and Table 4. Forty-five metastases
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Table 2 Patient and primary tumor characteristics
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Table 3 Metastases and treatment characteristics

Characteristics No. (%)
Age, years

Median 66

Range 26 - 84
Gender

Female 20 (38.5)

Male 32 (61.5)
KPS (%)

Median 80

Range 60 - 100
Primary tumor type

CRC 17 (32.7)

Sarcoma 8(154)

Melanoma 7(13.5)

HNC 6(11.5)

RCC 5(96)

NSCLC 3(58)

Others 6(11.5)
T-classification at initial diagnosis

T=2 17 (32.7)

T>2 30 (57.7)

Unknown 5(96)
N-classification at initial diagnosis

NO 18 (34.6)

N+ 26 (50.0)

Unknown 8(154)
M-classification at initial diagnosis

Mo 36 (69.2)

M1 12 (23.1)

Unknown 4(7.7)
Pre-SFRS/fSBRT systemic therapy

Yes 46 (88.5)

No 6(11.5)
No. of LM treated with SFRS/fSBRT per patient

Median 2

Range 1-5
No. of affected organs per patient

Median 1

Range 1-4

KPS Karnofsky performance status, CRC colorectal cancer, HNC head and neck
cancer, RCC renal cell carcinoma, NSCLC non-small cell cancer, SFRS single
fraction radiosurgery, fSBRT fractionated stereotactic body radiotherapy, LM
lung metastasis

(47.9%) were treated with SFRS of which only 12 were
located centrally. Metastases treated with fSBRT were al-
most equally distributed with respect to location (24

LM and treatment characteristics ~ SFRS fSBRT p-value
(n=45) (n=49)

Metastasis diameter (mm)
Median 120 16.0 0003
Range 5.0-350 5.0-700

Metastasis PTV (cm?)
Median 99 240 <0001
Range 24-908 5.8-164.5

Metastasis location
peripheral 32 25 0092
central 13 24

Metastasis histology (CRC vs. non-CRC)
CRC 8 21 0.009
Non-CRC 37 28

PTV-encompassing prescription dose (Gy)
Median 24 45 <0001
Range 17-26 20-60

PTV-encompassing single dose (Gy)
Median 24 96 <0001
Range 17-26 4-16

Biological effective dose (Gy)
Median 816 105.6 0015
Range 459936  426-151.2

LM lung metastases, SFRS single fraction radiosurgery, fSBRT fractionated
stereotactic body radiotherapy, PTV planning target volume, CRC colorectal
cancer

central vs. 25 peripheral). Median diameter of metastases
was 14.5mm (range: 5-70), with no significant differ-
ence between centrally and peripheral located lesions.
The median time from the diagnosis of lung metastases
to the start of SFRS/fSBRT was 4.5 months (range: 0—

Table 4 Fractionation regimens

Fractions and PTV- encompassing No.of LM  BED £EQD2
single dose (%) (Gy) (Gy)
1x22Gy 2(2.1) 704 587
1x24 Gy 20 (21.3) 816 68.0
1x25 Gy 12 (12.8) 875 729
1x26 Gy 5(5.3) 936 780
3x125 Gy 3332 844 703
3x15Gy 8 (8.5) 1125 938
3x16 Gy 9 (9.6) 1248 104.0
4 x12 Gy 8 (8.5) 1056 880
4% 96 Gy 9 (9.6) 753 62.7
5x 8 Gy 2Q0) 720 60.0
other regimens 16 (17.0)

LM lung metastases, PTV planning target volume, BED biologically effective
dose, EQD2 equivalent dose
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Fig. 2 Kaplan-Meier curves of (a) local control SFRS vs. fSBRT, (b) overall survival, (c) progression-free survival
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61). Before the therapy with CK a gold fiducial was im-
planted in 51 metastases, whereof 37 were treated with
SERS and 14 with fSBRT using the Synchrony tracking
method. A total of 14 lung metastases were treated using
the X-sight lung tracking method. IGTV was used for all
29 metastases treated with Novalis. The median pre-
scription dose for SFRS was 24 Gy (range: 17-26) com-
pared to fSBRT with median 45 Gy (range: 20-60)
delivered in 2-12 fractions. The median diameter and
PTV were significantly smaller in metastases treated
with SFRS compared to fSBRT: 12mm (range: 5-35)
and 9.9 cm? (range: 2.4-90.8) vs. 16 mm (range: 5-70)
and 24.0 cm® (range: 5.8—164.5), respectively.

Patient outcomes

The median follow-up time was 21 months (range: 3—
68). The 1-year and 2-year LC rates for SFSR vs. fSBRT
were 89 and 83% vs. 75 and 59%, respectively (p =
0.026). One and 2-year LC rates for metastases from
CRC vs. non-CRC were 59 and 46% vs. 90 and 80%, re-
spectively (p =0.001). In 5 out of 22 metastases with
local progression relapse was confirmed using PET-CT
and in 2 after histological examination. Eleven lesions
were repeatedly treated with local therapy: either with
repeated SBRT or with surgery. One and 2-year OS and
PFES rates were 84, 71 and 26%, 15%, respectively. At the
time of analysis 21 patients (41.4%) were dead. Disease
progression occurred in 42 patients (80.8%), of which 19
patients (36.5%) developed metastases in new organs.
The Kaplan-Meier LC, OS and PFS curves are shown in
Fig. 2.

Treatment with SFRS, an interval of <12 months be-
tween diagnosis of metastases and the beginning of
SFRS/fSBRT as well as non-colorectal histology were sig-
nificantly associated with better LC in univariate analysis
(Table 5). However, none of these parameters remained
significant in multivariate analysis. NO, KPS >70% and
time to first metastasis =12 months were significantly as-
sociated with improved OS. PFS was significantly better
in patients with KPS >70% and with maximum 3 metas-
tases at the time of SBRT (Table 6). There was no differ-
ence regarding survival outcomes between patients with
oligorecurence and oligometastases.

Treatment related toxicity

The SFRS and fSBRT were safe and very well tolerated.
No treatment-related deaths and grade >3 toxicities oc-
curred. Six patients (11.5%) developed asymptomatic
grade 1 pneumonitis (2 patients after SFRS and 4 pa-
tients after fSBRT) and one patient had grade 1 pulmon-
ary fibrosis. Symptomatic and medical intervention
requiring grade 2 pneumonitis was diagnosed in one pa-
tient (1.9%) after SFRS with 25 Gy.
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Table 5 Univariate analysis of factors influencing local control
HR (95% Cl)

Time between diagnosis of LM and SBRT (months)

Covariate p-value

<12 1
212 2.5 (1.1-6.0) 0.027
Location of LM

central 1

peripheral 0.7 (02-1.7) 0412
Histology

CRC 1

non-CRC 0.2 (0.1-06) 0.004
LM diameter (mm)

<10 1

>10 2.2 (08-6.6)
PTV (cm?)

<10 1

>10 33(09-113)

0.150

0.053
Fractionation regimens

SFRS 1

fSBRT 2.7 (1.0-7.0)
BED

<100Gy 1

>100 Gy 2.7 (1.1-64)

HR Hazard ratio, C/ confidence interval, LM. lung metastases, SBRT stereotactic
body radiotherapy, SFRS single fraction radiosurgery, fSBRT fractionated
stereotactic body radiotherapy, PTV Planning target volume, BED biologically
effective dose

0.037

0.021

Discussion

This analysis represents a single-center experience in
treating oligometastatic lung lesions with curative
intended SFRS and fSBRT. The 1-, 2-year LC and OS
rates for the entire cohort were 82, 70 and 84%, 71%, re-
spectively. Our findings are comparable with the current
findings in the literature (Table 7) [8-16].

SBRT is an attractive non-invasive treatment option
providing good therapy outcomes with minimum tox-
icity. The BED =100 Gy, smaller tumor size, shorter
interval between diagnosis and treatment of metastases
are favorable prognostic factors influencing local control
of lung metastases after SBRT [9, 17-19]. The existing
data on fractionation schedules as well as dosage of
SBRT for lung metastases is limited by retrospective na-
ture or non-randomized prospective study design.
Therefore, no standardized treatment regimens are yet
available. The primary results of TROG 13.01 SAFRON
I Phase II trial which compares SFRS to fSBRT for lung
metastases are expected soon [20].

According to our data, small lung metastases (median
PTV < 9.9 cm®, median diameter 12 mm) might safely be
treated with SFRS applying 24-26 Gy (median D, of
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Table 6 Univariate and multivariate analysis of factors influencing overall and progression-free survival

Covariate Overall survival

Progression-free survival

Univariate analysis Multivariate analysis

Univariate analysis Multivariate analysis

HR (95% Cl) p-value HR (95% CI) p-value HR (95% Cl) p-value HR (95% Cl) p-value

Age (years)

>70 1 1

<70 1.1 (04-2.7) 0381 NA NA 0.8 (04-15) 0.56 NA NA
Gender

Female 1 1

Male 1.6 (0.6-4.6) 031 NA NA 1.2 (08-16) 0.25 NA NA
Primary tumor

non-CRC 1 1

CRC 0.6 (0.2-14) 029 NA NA 0.8 (0.5-1.6) 0.64 NA NA
KPS

<70% 1 1

>70% 04 (0.2-1.1) 009 0.3 (0.1-0.8) 0.03 0.5 (0.3-0.9) 0.03 04 (0.2-0.7) 002
T-classification

T<2 1 1

T>2 24(08-6.8) 008 1.5 (0.4-5.0) 048 14 (0.7-28) 031 NA NA
N-classification

NO 1 1

N+ 26 (0.9-7.3) 0.06 44 (1.2-156) 0.02 1.4 (0.7-2.7) 0.33 NA NA
Time to first metastasis (months)

<12 1 1

212 0.3 (0.1-0.9) 003 0.2 (0.1-0.7) 0.01 0.6 (03-1.2) 0.14 NA NA
No. of metastases before SBRT

<3 1 1

23 14 (06-33) 042 NA NA 26 (13-5.1) 0.005 27 (14-54) 0.003
No. of affected organs

1 1 1

>1 1.6 (0.7-3.9) 024 NA NA 1.1 (05-1.9) 097 NA NA
Systemic therapy before SBRT

Yes 1 1

No 14 (0.3-6.3) 065 NA NA 14 (05-4.7) 048 NA NA

NA not assessed, HR Hazard ratio, C/ confidence interval, CRC colorectal cancer, KPS Karnofsky performance status, SBRT stereotactic body radiotherapy

53 Gy and a median BED,,,, of 81 Gy) with excellent 1-
and 2-year LC rates of 89 and 83%, implying that BED <
100 Gy using SFRS might be sufficient for durable con-
trol in small lung lesions. This observation, however,
contradicts the findings of other studies, where BED <
100 Gy was found to be a negative prognostic factor for
LC. Ricco et al. analyzed whether different lung metasta-
ses volumes and BED were associated with treatment
outcomes [17]. In this study, lesions after SBRT with
BED 2100 Gy reached better LC rates. Moreover, in the
group with BED 2100 Gy smaller metastases (volume <
11 cm?) were linked to improved LC and OS rates. The
median number of fractions employed was 3 (range: 1—-

8), how many lesions were treated with SFRS remains
unclear. Other trials rarely report on the significance of
BED and fractionation regimens in terms of treatment
outcome for metastases according to their size [9, 12].
Nevertheless, the existing data on size-adapted SFRS for
lung metastases as well as primary lung tumors is prom-
ising with 1year LC rates varying from 89.1-93.4% [15,
21-23]. However, diverse measurement units or target
volumes describing metastases size (e.g. diameter, GTV,
PTV) found in the literature make it difficult to
categorize lesions or to identify the optimal dose. Ran-
domized, prospective studies are needed to determine
which fractionation schedule is the most suitable for
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Table 7 Overall survival and local control rates after SFRS/fSBRT or pulmonary metastasectomy according to various studies

Reference Study design Year No. Primary  No. of LM Treatment  Overall survival Local control

Patients - tumor T-year (%)  2-years (%) 1-year (%) 2-years (%)
Nuyttens et al. [8] Phase 2 2015 30 Various 1-5 SFRS/fSBRT - 63 79

study
Rieber J et al. [9]  Retrospective 2016 700 Various  42% single  SFRS/fSBRT ~ 75.1 544 - 81.2
Navarria et al. [10] Retrospective 2014 76 Various 1-5 fSBRT 84.1 73 95 89
Sharma A. et al. Retrospective 2018 206 Various 1-5 SFRS/SBRT - 63 - 85
[11,12]
Widder J et al. Retrospective 2013 110 Various 3-5 fSBRT 42, SBRT: 87 SBRT: 86 PME:  SBRT: 94 SBRT:94 PME:
[13] PME 68 PME: 98 74 PME: 93 90
Sapir et al. [14] Retrospective 2016 78 Sarcoma - SBRT 26, SBRT: 57.9, SBRT: 974
PME 127 PME: 62.2 PME: 96.8
Filippi et al. [15]  Retrospective 2014 67 Various 1-5 SFRS 85.1 70.5 93 88.1
Agolli L [16] Retrospective 2017 44 CRC 1-4(61%  SFRS/fSBRT 67.7 688 60.2
single)
Present study Retrospective 2019 52 Various  Median 2 SFRS/fSBRT 84 71 SFRS 89, SFRS 83, fSBRT
fSBRT 83 59

LM lung metastases, SBRT stereotactic body radiotherapy, SFRS single fraction radiosurgery, fSBRT fractionated stereotactic radiotherapy

lung metastases according to the size in terms of therapy
outcomes, toxicity and patient’s compliance.

In the current study, 1- and 2-year LC rates for metas-
tases from CRC compared with non-CRC were signifi-
cantly worse. Recently, Jingu et al. investigated the
impact of primary tumor histology on LC rates after
SBRT for lung metastases in a metanalysis and system-
atic review. Analysis of 1920 patients (619 with CRC,
1301 non-CRC) showed that LC was significantly infer-
ior in the CRC group (p < 0.00001). In addition, the dose
escalation (BED > 130 Gy) was associated with decreased
local recurrences [24]. Furthermore, Ahmed and col-
leagues concluded that lung metastases from rectal car-
cinoma are related with increased radio-resistance, and
therefore are more likely to relapse after SBRT. The au-
thors recommend dose escalation with BED > 100 Gy for
radio-resistant tumors in order to improve treatment
outcomes [25]. In the present study, the median BED for
relapsed metastases from rectal cancer was 87.5 Gy
(range: 56—124.8), suggesting that an insufficient dose
for this histology may be responsible for lower LC rates
in patients with CRC. Therefore, SBRT with BED < 100
Gy should be used with caution in patients with lung oli-
gometastases from rectal cancer.

We found time to the first metastasis >12 months,
KPS >70% and NO to be independent favorable prognos-
tic factors for OS. Metachronous metastases with longer
metastasis free interval are associated with indolent
tumor histology and thus are frequently linked to better
outcomes, with the favoring time to metastasis diagnose
varying from >2months to =75 months depending on
the primary tumor type [26-28]. Furthermore, in agree-
ment with our results good performance score before
initiation of the SBRT was linked to better survival in

various studies [29, 30]. Absence of lymph node involve-
ment was addressed as a prognostic factor mostly in
series on oligometastatic lung cancer [27, 31]. Unlike
our finding, no prognostic value of N classification was
reported in studies with cohorts of heterogenous pri-
mary tumor type, therefore this finding must be inter-
preted carefully. Despite the small sample size, we
identified two commonly reported prognostic factors
that might be useful for selecting oligometastatic pa-
tients for curative SBRT.

The major limitation of this study is its retrospective
design with inhomogeneous primary tumor types and
the limited number of patients. Therefore, neither a sub-
group analysis based on metastasis histology nor an ana-
lysis of the effects of dose escalation was performed.
Treatment planning calculations with Ray-Tracing, Pen-
cil Beam or Monte Carlo dose algorithms for lung might
produce differences in dose distribution for target and
organs at risk. However, there was no difference de-
tected in the treatment outcomes in metastases planed
with different treatment algorithms. Since multiple me-
tastases in the same patient were treated with different
fractionation, finding the prognostic value of SFRS vs.
fSBRT for survival outcomes was not feasible.

Conclusions

KPS >70%, longer time to first metastasis and absence
of locoregional lymph node metastases were found to be
positive predictive factors for OS in patients with lung
oligometastases after SBRT. Long-term LC and low tox-
icity rates were achieved after short SBRT schedules.
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Abstract

Background: Robotic stereotactic ablative radiotherapy (SABR) is currently under investigation as a noninvasive
treatment option for patients with renal cell carcinoma (RCQ). For radiation therapy of RCC, tumor motion and the
need for high ablative doses while preserving the remaining renal parenchyma is a challenge. We aimed to analyze
the safety and efficacy of robotic radiosurgery in RCC in a specific difficult subgroup of patients with impaired renal
function.

Methods: We retrospectively identified all patients with RCC, treated with robotic SABR and motion compensation
in our institution between 2012 and 2017. Either single fraction SABR of 24 or 25 Gy or 3 fractions of 12 Gy
prescribed to the 70% isodose line was applied. Local control, overall survival, radiation side effects were evaluated
together with renal function and tumor motion.

Results: We analyzed data of 13 lesions treated in 10 patients with clear cell RCC and a mean age of 70.5 +13.6
years (range: 48-87). Prior to SABR, 8 patients underwent previous complete and/or partial nephrectomy, 7 patients
presented with chronic kidney disease 2 stage 3. The median of minimum, mean and maximum planning target
volume doses were 23.2, 29.5 and 35.0 Gy for single fraction and 24.4, 42.5 and 51.4 Gy for the three fractions
regime. Persistent local control by robotic SABR was achieved in 9 out of 10 patients (92.3% of all lesions) within a
median follow-up period of 27 month (range: 15-54). One patient underwent nephrectomy due to progressive
disease and sufficient renal function of the contralateral kidney. Renal function remained stable with a mean
estimated glomerular filtration rate (eGFR) of 51.3 £ 19.7 ml/min at baseline and 51.6 + 25.8 ml/min at follow-up. The
largest respiratory-induced tumor motion was seen in superior-inferior direction, compensated by the CyberKnife
with mean targeting errors of maximal 2.2 mm.

Conclusions: Robotic SABR is technically feasible for the treatment of RCC in preexisting kidney disease with good
local tumor control at about 2 years follow-up. Robotic SABR with motion tracking offers a valid treatment option
for patients, who are at increased risk for progression to end-stage renal disease due to partial nephrectomy or
ablative techniques.

Keywords: CyberKnife, Radiosurgery, SABR, Renal cell carcinoma, Kidney, Motion tracking
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Background

Renal cell carcinoma (RCC) is the most common form
of kidney cancer and its incidence has risen in recent
years [1]. Due to increased incidental detection rates of
kidney tumors, more RCC are still confined to the kid-
ney at the time of diagnosis. The standard treatment for
Stage I RCC is a partial renal resection. Radical nephrec-
tomy is only performed for centrally located tumors or
when partial resection is not feasible. Patients with bilat-
eral tumors, contralateral recurrent tumor after unilat-
eral nephrectomy, metastases from RCC in the
contralateral kidney or preexisting chronic kidney dis-
ease are special candidates for partial nephrectomy. In
these patients preserving renal parenchyma is essential
to avoid chronic kidney disease.

As a possible therapeutic approach robotic stereotactic
ablative radiotherapy (SABR) is currently under investi-
gation as a non-invasive treatment option for patients
with RCC. Renal cell carcinoma is frequently reported as
a radio-resistant tumor. However, pathologic complete
responses have been described after ablative radiother-
apy previously [2]. Tumor motion and the need for high
ablative radiation doses while preserving the remaining
renal parenchyma, poses a major challenge. Robotic ra-
diosurgery allows continuous tumor tracking under free
breathing and therefore minimal gross tumor volume
(GTV) to planning target volume (PTV) margins are
needed. Robotic SABR for moving tumors is already
established as a standard treatment option for patients
with early stage non-small cell lung cancer [3, 4].

Although current data seem to demonstrate that SABR
provides good tumor control while preserving the renal
function [5, 6], most studies are limited to patients with
normal renal function. In this study, we analyzed the
safety and efficacy of image-guided CyberKnife (Accuray
Inc., Sunnivale, USA) radiosurgery in RCC in a specific
subgroup of patients with preexisting impaired renal
function. Feasibility and technical aspects of robotic
SABR will be provided as well.

Methods

Study design

Retrospective analysis of patient data was approved by
the Ethics Committee Campus Charité Mitte (EA1/233/
18). We identified all histology proven RCC patients,
who were treated with robotic SABR in our center be-
tween June 2012 and April 2017. We collected data on
patient characteristics regarding disease stage, preexist-
ing kidney disease, estimated glomerular filtration rate
(eGFR), clinical outcome, complications, local tumor
control and overall survival. Dose-volume parameters
were analyzed including prescription dose, fractionation,
treatment dose (Dpminy Dmeany Dmax), GTV, PTV, new
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conformity index (nCI), PTV coverage, tumor motion
and tracking accuracy.

Robotic SABR planning and delivery

The patients were referred to CyberKnife irradiation
from the nephrology department, all at increased risk for
progression to end-stage renal disease caused by further
invasive treatment. The decision to perform a robotic
SABR was recommended by a multidisciplinary urology
board review for patients who are at increased risk for
progression to end-stage renal disease due to partial
nephrectomy or other ablative techniques.

One gold fiducial marker (1.0 mm x 5.0 mm) was im-
planted within or close to each tumor using an 18-G
needle under computed tomography (CT)-guidance in
local anesthesia. A tissue sample was taken in the same
procedure if there was no prior pathology report avail-
able. High-resolution native thin-slice (1.0 mm) planning
CT was performed within a median of 8 days (range: 1—
21) after fiducial insertion to allow for fiducial settle-
ment [7]. For accurate tumor delineation, magnetic res-
onance images (MRI) were co-registered with the
planning CT and contouring was performed on all axial
slices. The GTV was defined as the tumor volume based
on CT and MR images. The clinical target volume
(CTV) was equivalent to the GTV. The PTV was ob-
tained by adding in median a 3 mm (range: 0—5 mm) iso-
tropic margin to the GTV. Depending on tumor size or
organs at risk (OAR) two different dose concepts were
used, either single fraction SABR of 24 or 25 Gy, or 36
Gy in 3 fractions (12 Gy/fraction) prescribed each to the
70% isodose covering the PTV. Treatment planning and
dose calculations were obtained by MultiPlan 4.6
(Accuray Inc,, Sunnyvale, USA) using the Ray-tracing
algorithm.

The linear-quadratic model, assuming an a/f ratio of
2.6-6.9 Gy for RCC [8], was used to calculate the bio-
logically equivalent dose (BED) and the equivalent dose
in 2Gy fractions (EQD2). The calculated BED¢oy and
EQD2¢ 4 encompassing the PTV for single fraction were
107.5 Gy and 83.3 Gy, and 98.6 Gy and 76.4 Gy for the 3-
fraction treatment.

Dose constraints for OAR for single fraction treat-
ments were as follows: <5cm® of small bowel loops
could receive up to 10.0 Gy with a maximum point dose
of 19.0 Gy; for the extratumoral kidney parenchyma <
200 cm® could receive up to 8.0 Gy. The normal tissue
constraints for three fractions were: <5cm® could re-
ceive up to 16.0 Gy with a maximum point dose of 27.0
Gy for small bowel, and less than 33% of the remaining
kidney parenchyma could receive a total of 15.0 Gy. The
dose constraints for spinal cord, liver, stomach and large
intestine were set according to published standard limits
[9]. The nCI [(V70% - Viy)/ V70%py/2], which describes
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the conformity between the prescription isodose and the
volume and shape of the PTV, was also used for treat-
ment plan evaluation.

Technical aspects

The CyberKnife System installed in July 2011 in Berlin
combines two systems, a lightweight linear accelerator
mounted on a robotic arm with 6-MV photon energy
and an image guidance system consisting of two orthog-
onally positioned x-ray cameras. For patient positioning,
an automatic tracking algorithm compares live x-rays
with digital reconstructed images from planning CT. For
respiratory motion compensation, the CyberKnife Syn-
chrony® Respiratory Motion Tracking System (MTS) was
used. Thereby, the external motion of LED markers lo-
cated on the chest of the patient was correlated with the
internal tumor motion represented by the fiducial pos-
ition and determined by the x-ray images. The individu-
ally measured correlation model is continuously updated
and synchronizes the radiation beam in real time such
that the beam always remains aligned with the target.
An accuracy of less than 1.0 mm is technically achieved
and allows clinicians to reduce safety margins signifi-
cantly, while eliminating the need for gating or breath-
hold techniques. During treatment, the motion patterns
for each patient were recorded in logfiles.

Follow-up and statistics

Clinical and radiological follow-up with CT or MRI was
frequently performed after robotic SABR and the latest
available follow-up was used in this analysis. For local
control the MRI scans were evaluated by the senior
physician in charge to verify treatment response. Tumor
response was analyzed using response evaluation criteria
in solid tumors (RECIST version 1.1). The treatment re-
sponse of each RCC was categorized using OsiriX MD
10.0 (Pixmeo SARL, Bernex, Switzerland) to compare
baseline MRI and planning CT with the latest available
follow up images in 1) complete remission (CR): no
measurable lesion; 2) partial remission (PR) defined as a
volume reduction > 30%; 3) stable disease (SD); 4) pro-
gressive disease (PD) defined as a > 20% increase in vol-
ume or > 5mm increase in size. Local control (LC) was
calculated from the end of SABR until last available
follow-up or PD.

Opverall survival (OS) was calculated from the end of
SABR until last follow-up or death. LC and OS were es-
timated using Kaplan-Meier curves. Common Termin-
ology Criteria for Adverse Event V4.03 (CTCAE) for
acute and late radiosurgery related side effects were re-
corded separately. Renal function at baseline and latest
available follow up was calculated according to the
chronic kidney disease epidemiology collaboration
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(CKD-EPI) formula at baseline and last available follow
up.

Due to respiratory induced kidney motion, the motion
patterns and total targeting errors between the predicted
and the actual position of the tumor were evaluated.
Overall, the motion pattern and targeting accuracy of 19
out of 21 treatment sessions could be extracted. Motion
pattern evaluation and statistical analysis were done with
MATLAB 9.3 (The MathWorks, Inc., Natick, USA).

Results

Patient characteristics

Data of 13 lesions treated in 10 patients histologically
confirmed as clear cell RCC grade 1 or 2 were collected.
The mean age of patients who underwent robotic SABR
was 70.5+ 13.6years (range: 48-87). The female/male
ratio was 1:1. All patients treated with robotic SABR had
an ECOG performance status 1 or 2 and suffered from
chronic kidney disease (CKD). The median and mean
time interval between the first histological diagnosis of
RCC and SABR was 7.5 and 8.4 + 6.0 years, respectively,
with a large range of 2 months to 19.7 years. Tumor
characteristics are summarized in Table 1. Seven pa-
tients had Tla (< 40 mm) and 3 patients had larger tu-
mors (T3a). In 3 patients it remained unclear whether
the treated tumor was a metachronous RCC or a metas-
tasis from a previously occurred contralateral RCC. The
subsites of the 13 lesions were the upper, mid or lower
pole in 53.8%, close to the renal pelvis or extending to
the perinephric tissue in 15.4% each and infiltrating the
renal vein or close to the hilum in 7.7% each.

Prior to SABR, 8 out of 10 patients underwent surgery
or radiofrequency ablation (RFA) for their renal tumors,
6 of them had procedures done on both sides. Nephrec-
tomy was carried out in 5 patients, partial ipsilateral re-
section in 4 patients and contralateral resection in 3
patients. Previous RFA of the SABR treated kidney was
performed in 2 patients. Von Hippel-Lindau disease was
diagnosed in 2 patients. One patient had a RCC in his
kidney transplant. Three patients had a diabetes mellitus
type 2. CKD stage 2, 3 and 4 with an eGFR level below
90, 60, 45 ml/min was diagnosed in 3, 6 and one patient,
respectively (see Table 1 for preexisting kidney disease).

Treatment and Dosimetric analysis

The tumors had a median diameter of 28.8 mm (range: 9-
70). Two patients had tumors larger than 40 mm with
RCC extension into the renal vein or perinephric tissue.
The median GTV volume was 13.3cm® (range: 1.3-
108.4), the resulting median PTV was 22.1 cm’ (range:
3.8-190.3). Five patients received single fraction SABR of
24 or 25 Gy, 4 patients received 3 fractions of 12 Gy every
other day and one patient with three lesions received both
regiments. The patient’s median of minimum, mean and
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Table 1 Tumor characteristics and preexisting kidney disease in patients with renal cell carcinoma

Case  Size (mm)  Primary tumor Tumor location

Baseline CKD stage

First line treatment /
Preexisting kidney disease

#1 32 cT1a/DD metastasis  close to renal pelvis 3b
#2 30 CT1a/DD metastasis  mid pole 2
#3 14 cTla upper pole 3b
10 mid pole
#4 26 cla upper pole 2
#5 70 cT3a infiltrating renal vein 2
#6 36 cTla mid pole 4
#7 36 cla lower pole 3a
#8 39 clla close to renal pelvis 3a
#9 47 cT3a extends 1o perinephric tissue  3b
#10 9 cT3a/DD metastasis  lower pole 3b
extends to perinephric tissue
15 close to hilum

Nephrectomy, RFA and embolisation ipsilateral
Nephrectomy, partial resection ipsilateral /DM type 2

Nephrectomy, parlial resection ipsilateral / short term dialysis, DM type 2

RPGN, kidney transplant

Partial resection contralateral

Nephrectomy

partial resection contralateral, multiple RFA ipsilateral / VHL
partial resection ipsi- and contralateral / VHL

Nephrectomy, partial resection ipsilateral

RFA Radiofrequency ablation, CKD chronic kidney disease, DM diabetes mellitus, RPGN rapidly progressive glomerulonephritis, VHL von Hippel-Lindau disease

maximum PTV dose was 23.2, 29.5 and 35.0 Gy for single
fraction and 24.4, 42.5 and 51.4 Gy for the three fractions
regimen, respectively. Dose-volume parameters and fur-
ther treatment characteristics including nCI and percent-
age of the PTV coverage are summarized in Table 2.

Each robotic SABR treatment was done as an out-
patient procedure with delivery times between 46 min
and 86 min per session. For single session treatments,
the mean total treatment time was 62 + 15 min, fraction-
ated treatments took in total 184 + 33 min (61 + 11 min
per fraction). All patients completed their treatment.

Tumor response

Local control (CR, PR and SD) by robotic SABR therapy
was achieved in 9 out of 10 patients and 92.3% of all le-
sions within the median follow-up period of 27 month
(range: 15-54). A representative example of the tumor

response and treatment plan is shown in Fig. 1. Whereas
SD was observed in 38.5% of the treated lesions, PR was
observed in 30.8% and CR in 23.1% (Table 2). However,
there was no difference in SD or PR between the one frac-
tion or three fractions regiment. The only local treatment
failure occurred in one lesion (7.7%) 5 month after SABR.

Four patients with metastases to other organs at time
of radiosurgery or during follow-up had additional adju-
vant systemic treatment. Out of 10 patients 8 were alive
at the last available follow-up. Two patients with pro-
gressive metastatic disease died 15 and 16 months after
SABR. Kaplan-Meier Curves for local control and overall
survival are shown in Fig. 2.

Renal function and toxicity
Typical normal tissue dose constraints were within the
range mentioned. Over a median follow-up period of 22

Table 2 Dose-volume and follow-up parameters for robotic stereotactic ablative body radiotherapy

Case GV (cm?) PTV (cm?) Margin (mm) Dose (Gy)
i1 82 179 4 1x24
#2 204 310 3 1x25
it3 135 135 0 1%x24
170 170 0 1%x24
#4 143 246 3 1%25
#5 1084 1903 5 3%12
#6 132 22:7 3 1x25
#7 92 174 3 3x12
#8 455 884 5 K12
19 442 66.2 3 3x12
#10 13 38 3 1x25
90 214 4 IX T2
23 56 3 1x25

PTV coverage (%) nCl Follow-up (month) Local control
978 1.07 54 SD
97.8 1.06 23 PR
96.8 1.13 47 CR
98.5 1.13 PR
99.9 1.06 33 SD
920 1.23 25 SD
995 113 15 SD
983 1.14 32 SD
860 140 30 PD
98.7 1.21 23 PR
99.7 1.09 16 CR
820 1.50 PR
984 1.20 CR

GTV Gross tumor volume, PTV planning target volume, nCl new conformity index, SD stable disease, PR partial remission, CR complete remission, PD

progressive disease
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Fig. 1 A representative case of a renal cell carcinoma. a Demonstrates a representative image before radiotherapy and b the treatment plan with
exemplary planning computed tomography image in axial view with the treatment plan. Single fraction 25 Gy was prescribed to 70% isodose line
(in green) to treat planning target volume shown in red line. The yellow and white circle lines represent the remaining isodose lines until 20% in

blue. ¢ shows an image 2 years after robotic stereotactic ablative radiotherapy

month (range: 4-51) renal function remained stable with
a mean serum creatinine of 1.4 + 0.5 mg/dl (eGFR 51.3 +
19.7 ml/min) at baseline and 1.5+0.8mg/dl (eGFR
51.6 + 25.8 ml/min) at follow-up (Fig. 3). One patient
underwent nephrectomy due to progressive disease after
SABR with three fractions of 12 Gy and sufficient renal
function of the contralateral kidney. One patient devel-
oped mild abdominal pain (grade 1) and another one
diarrhea and abdominal distension (grade 1). All symp-
toms occurred in the two patients with tumors larger
than 40 mm. No patient developed CTCAE grade 2 or
higher toxicity or needed hemodialysis.

Tumor motion tracking

Each patient got one gold fiducial implanted per lesion.
Two patients had 2 and 3 gold fiducials for multiple le-
sions. There were no side effects with marker placement
in the kidney or difficulties with marker migration ob-
served. To position the patient as in planning CT, he

was first aligned using the bony spine structures. After-
wards the position of the fiducial was tracked. The ma-
jority of the lesions (92.3%) were treated using MTS for
motion compensation. The only robotic SABR done
without tumor motion tracking was performed in a kid-
ney transplant located in the left iliac fossa where no re-
spiratory motion was suspected. For all patients,
treatment was performed in “free-breathing”, the largest
respiratory-induced tumor motion was seen in superior-
inferior direction with magnitudes between 3.0 mm and
24.7 mm. The left/right and anterior/posterior displace-
ments of the tumor ranged from 0.7 to 10.6 mm, and 1.6
to 14.6 mm, respectively (Fig. 4). This motion was com-
pensated by the CyberKnife with mean targeting errors
over the complete treatment time of maximal 2.2 mm.

Discussion
In this retrospective study the efficacy of robotic SABR
was assessed retrospectively in 10 patients with RCC and
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Fig. 2 Kaplan-Meier curves. a Shows overall survival and b local control for renal cell carcinoma patients after robotic stereotactic ablative radiotherapy
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moderate to severe chronic kidney disease. Our study
demonstrates that this minimal invasive and highly so-
phisticated treatment method provides good response
rates and local control with negligible toxicity. SABR
with motion compensation is a nephron-sparing treat-
ment that perfectly adapts to patients with RCC and sig-
nificant preexisting chronic renal failure.

Our results concerning local tumor control in 92.3%
of all lesions and mild toxicity appear to be consistent
with those available in the literature. A previous system-
atic review of 126 patients described a weighted local
control rate of 94% and a grade 3 toxicity rate of 3.8%
[10]. Since that study, 3 single-institution, prospective
studies of 19 patients [11], 40 patients [2], and 33 pa-
tients [12] have reported similar findings, with local con-
trol rates ranging from 98 to 100% and grade > 3
toxicity rates from 0 to 15.8%. Recently, 9 centers across
Germany, Australia, the United States, Canada, and
Japan formed an International Radiosurgery Oncology
Consortium for Kidney and reported data of 223 patients
[6]. The rates of LC, cancer-specific survival, and
progression-free survival at 2 and 4 years were 97.8, 95.7,
77.4% and 97.8, 91.9, 65.4%, respectively. Multi-fraction

SABR was associated with poorer progression-free sur-
vival and worse cancer-specific survival. Grade 1 and 2
toxicities were reported for 35.6% of patients whereas
grade 3 and 4 toxicities were recorded in only 1.3% [6].
In patients with bilateral tumors or contralateral
tumor recurrences after unilateral nephrectomy or par-
tial resection treatment is especially challenging. The re-
section of the remaining kidney consecutively leads to
the progression of chronic kidney disease including the
need for hemodialysis treatment. In such cases, minim-
ally invasive ablative techniques such as cryosurgery, ra-
diofrequency ablation and SABR are possible alternatives
to nephrectomy. A 2016 systematic review and meta-
analysis reporting on survival across management strat-
egies demonstrated a 95 to 100% cancer specific survival
after nephrectomy and thermal ablation with a median
follow-up period of 22 to 120 months. Whereas, for tu-
mors more than 40 mm (T1b) survival rates decrease to
around 90% and for tumors more than 70 mm (T2) be-
tween 82.5 and 86.7% [13]. A mostly retrospective data
analysis by Kunkle and Uzzo [14] showed local tumor
progression rates of 12.9% after RFA and 5.2% after renal
cryoablation. In our series, tumor progression was
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recorded in 7.7% of all lesions, accordingly in one out of
10 patients (10%). In this case the tumor size was above
the median, located close to renal pelvis and the PTV
coverage was less than 90%.

Notably, renal function remained stable following
treatment in all patients despite the high doses of radi-
ation delivered to the kidney. This result raises two con-
siderations. Firstly, preservation of renal function was
assumed to be due to compensatory mechanisms of the
contralateral kidney and the spared ipsilateral kidney
volume described as renal functional reserve [15]. These
results also suggest that it might be possible to rely on a
compensatory capacity of the ipsilateral kidney in pa-
tients who already had contralateral nephrectomy and
that, whenever oncologically suitable, a selective ap-
proach aimed to avoid post-treatment severe chronic
kidney disease should be pursued. A second point con-
cerns the radiation tolerance of the peritumoral kidney
and the reliability of tumor tracking in robotic SABR.
Cassady [16] proposed a threshold dose of 15Gy for
renal injury based on data of bilateral whole kidney ir-
radiation in 3 fractions. Nevertheless, ours and other
previous studies demonstrate a good tolerance to higher
doses and stable kidney function. The prescribed dose
(1 x24-25Gy or 3 x 12 Gy prescribed to the 70% iso-
dose) was relatively high in order to overcome the radio-
resistance of RCC. The fraction number and prescribed

dose of the two large studies from Staehler et al. [2] and
Sun et al. [17] were similar to our dose concepts. Over-
all, they treated 80 patients with either 25 Gy in one
fraction or 38 Gy in 3 fractions prescribed to the 70 or
80% isodose line. Both studies reported only grade 1 side
effects with >90% local control in a relatively short
follow-up.

Svedman et al. [18] evaluated kidney injury following 3
fractions SABR in 7 patients with primary or metastatic
renal disease with only one functioning kidney. In 5 pa-
tients, kidney function remained unaffected after SABR,
with a kidney volume of 37.3% receiving 15 Gy (V15),
whereas 2 patients exhibited modest changes in renal
function without the requirement for medical interven-
tion or hemodialysis. In SABR patients, a V15 limited to
less than one third of the normal single remaining kid-
ney could be an appropriate dose-volume constraint in
patients with preexisting kidney disease. We therefore
considered this dose constraint in our series for the
three-fraction regiment.

Furthermore, the high doses used and the treatment
result in terms of remission, local control and sparing of
renal function, demonstrate that the robotic SABR is
highly reliable in terms of targeting precision and dose
delivery. According to our data, the median targeting ac-
curacy was within 2.2 mm. This provided us an import-
ant information regarding the margins to be used. In
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fact, we believe that, unlike margins of up to 10 mm, as
used in other studies, a moderate expansion of the
tumor (ie. 3.0mm) is sufficient for the CyberKnife
MTS. Since only one marker was implanted, rotations
could neither be directly detected nor corrected. How-
ever, geometric calculations have shown that a 3.0 mm
margin appears to be sufficient also if small rotations
(< 5°) occur.

Limitations

This study has several limitations. This is a retrospective
series with a limited number of cases collected and a
relatively short follow-up for renal function. Neverthe-
less, it should be considered as a proof-of-concept study
for SABR on patients with impaired renal function gain-
ing satisfactory results and providing a low risk for
treatment-related side effects.

Conclusion

Robotic SABR is technically feasible for the treatment of
early stage RCC in patients with preexisting kidney dis-
ease with good local control at short term follow-up. As
an outpatient procedure, it may prevent (treatment re-
lated) loss of renal function with only mild side effects.
Therefore robotic SABR with motion tracking represents
a valid treatment option for these patients, who are at
increased risk for progression to end-stage renal disease
due to partial nephrectomy or other ablative techniques.
Further studies are needed but warranted to determine
long-term results of this treatment.

Abbreviations

CR: Complete remission; CT: Computed tomography; CTV: Clinical target
volume; eGFR: Estimated glomerular filtration rate; GTV: Gross tumor volume;
LC: Local control; MRI: Magnetic resonance images; MTS: Motion Tracking
System; nCl: New conformity index; OAR: Organs at risk; OS: Overall survival;
PD: Progressive disease; PR: Partial remission; PTV: Planning target volume;
RCC: Renal cell carcinoma; RFA: Radiofrequency ablation; SABR: Stereotactic
ablative radiotherapy; SD: Stable disease

Acknowledgments
Dr. Acker is participant of the BIH-Charité Clinician Scientist Program funded
by the Charité — Universitdtsmedizin Berlin and the Berlin Institute of Health.

Disclosure

Mathias Lukas is employed by Siemens Healthcare GmbH. The remaining
authors report no conflict of interest conceming the materials or methods
used in this study or the findings specified in this paper.

Authors’ contributions

CS (Senger) acquired, analyzed and interpreted the patient data, drafted the
manuscript. AC was a contributor in writing the manuscript. AK and DP
provided technical support, preparation of figures and critical review of the
manuscript. MK made substantial contributions to acquisition. ML conducted
the statistical analysis. GA, AG, GK, JW and VB provided administrative
support and critically revised the article. CS (Stromberger) participated in the
design of the study, made substantial contributions to acquisition, analysis
and interpretation of the data. CS (Senger) approved the final version of the
manuscript on behalf of all authors. All authors read and approved the final
manuscript.

Page 8 of 9

Funding
None.

Availability of data and materials
Statistical data from the present study is available from the corresponding
author on reasonable request.

Ethics approval and consent to participate
Analysis of patient data was approved by the Ethics Committee Campus
Charité Mitte (EA1/233/18). All patients provided written informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Radiation Oncology, Charité - Universitatsmedizin Berlin,
Augustenburger Platz 1, 13353 Berlin, Germany. “Charité CyberKnife Center,
Charité - Universitatsmedizin Berlin, Augustenburger Platz 1, 13353 Berlin,
Germany. *Department of Neurosurgery, University of Messina, Messina, Italy.
“Department of Neurosurgery and Center for Stroke research Berlin (CSB),
Charité - Universitatsmedizin Berlin, Charitéplatz 1, 10117 Berlin, Germany.
*Berlin Institute of Health (BIH), Anna-Louisa-Karsch-Str. 2, 10178 Berlin,
Germany. *Department of Nuclear Medicine, Charité - Universitatsmedizin
Berlin, Charitéplatz 1, 10117 Berlin, Germany. “Department of Nephrology
and Medical Intensive Care, Charité - Universitdtsmedizin Berlin, Charitéplatz
1, 10117 Berlin, Germany.

Received: 14 May 2019 Accepted: 30 September 2019
Published online: 21 October 2019

References

1. Siegel R, Naishadham D, Jemal A. Cancer statistics, 2012. CA Cancer J Clin,
2012,62(1):10-29.

2. Staehler M, Bader M, Schlenker B, Casuscelli J, Karl A, Roosen A, et al. Single
fraction radiosurgery for the treatment of renal tumors. J Urol. 2015;193(3):
771-5.

3. Guckenberger M, Andratschke N, Alheit H, Holy R, Moustakis C, Nestle U,
et al. Definition of stereotactic body radiotherapy: principles and practice for
the treatment of stage | non-small cell lung cancer. Strahlenther Onkol.
2014;190(1):26-33.

4. Schanne DH, Nestle U, Allgauer M, Andratschke N, Appold S, Dieckmann U,
et al. Stereotactic body radiotherapy for centrally located stage | NSCLC: a
multicenter analysis. Strahlenther Onkol. 2015;191(2):125-32.

5. Lo CH, Huang WY, Chao HL, Lin KT, Jen YM. Novel application of
stereotactic ablative radiotherapy using CyberKnife((R)) for early-stage renal
cell carcinoma in patients with pre-existing chronic kidney disease: initial
clinical experiences. Oncol Lett. 2014;8(1):355-60.

6. Siva S, Louie AV, Warner A, Muacevic A, Gandhidasan S, Ponsky L, et al.
Pooled analysis of stereotactic ablative radiotherapy for primary renal cell
carcinoma: a report from the international radiosurgery oncology
consortium for kidney (IROCK). Cancer. 2018;124(5):934-42.

7. Imura M, Yamazaki K, Shirato H, Onimaru R, Fujino M, Shimizu S, et al.
Insertion and fixation of fiducial markers for setup and tracking of lung
tumors in radiotherapy. Int J Radiat Oncol Biol Phys. 2005;63(5):1442-7.

8. Ning S, Trisler K, Wessels BW, Knox SJ. Radiobiologic studies of
radioimmunotherapy and external beam radiotherapy in vitro and in vivo in
human renal cell carcinoma xenografts. Cancer. 1997,80(12 Suppl):2519-28.

9. Emami B, Lyman J, Brown A, Coia L, Goitein M, Munzenrider JE, et al.
Tolerance of normal tissue to therapeutic irradiation. Int J Radiat Oncol Biol
Phys. 1991;21(1):109-22.

10. Siva S, Pham D, Gill S, Corcoran NM, Foroudi F. A systematic review of
stereotactic radiotherapy ablation for primary renal cell carcinoma. BJU Int.
2012;110(11 Pt B):E737-43.

11. Ponsky L, Lo SS, Zhang Y, Schluchter M, Liu Y, Patel R, et al. Phase |
dose-escalation study of stereotactic body radiotherapy (SBRT) for poor
surgical candidates with localized renal cell carcinoma. Radiother Oncol.
2015;117(1):183-7.

64



Senger et al. BMC Urology

(2019) 19:96

Siva S, Pham D, Kron T, Bressel M, Lam J, Tan TH, et al. Stereotactic ablative
body radiotherapy for inoperable primary kidney cancer: a prospective
clinical trial. BJU Int. 2017;120(5):623-30.

Pierorazio PM, Johnson MH, Patel HD, Sozio SM, Sharma R, lyoha E, et al.
Management of Renal Masses and Localized Renal Cancer: systematic
review and meta-analysis. J Urol. 2016;196(4):989-99.

Kunkle DA, Uzzo RG. Cryoablation or radiofrequency ablation of the small
renal mass : a meta-analysis. Cancer. 2008;113(10):2671-80.

Thomas DM, Coles GA, Williams JD. What does the renal reserve mean?
Kidney Int. 1994;45(2):411-6.

Cassady JR. Clinical radiation nephropathy. Int J Radiat Oncol Biol Phys.
1995,31(5):1249-56.

Sun MR, Brook A, Powell MF, Kaliannan K, Wagner AA, Kaplan ID, et al. Effect
of stereotactic body radiotherapy on the growth kinetics and enhancement
pattern of primary renal tumors. AJR Am J Roentgenol. 2016,206(3):544-53.
Svedman C, Karlsson K, Rutkowska E, Sandstrom P, Blomgren H, Lax |, et al.
Stereotactic body radiotherapy of primary and metastatic renal lesions for
patients with only one functioning kidney. Acta Oncol. 2008;47(8):1578-83.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

 fast, convenient online submission

e thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

o gold Open Access which fosters wider collaboration and increased citations
* maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research Is always in progress.

Learn more biomedcentral.com/submissions

65



11. Curriculum Vitae

My curriculum vitae is not published in the electronic version of my work for reasons of data protection.

66



67



12,

List of publications

Kalinauskaite G, Senger C, Kluge A, Furth C, Kufeld M, Tinhofer I, Budach V, Beck M, Hochreiter
A, Grin A, Stromberger C. 68Ga-PSMA-PET/CT-based radiosurgery and stereotactic body
radiotherapy for oligometastatic prostate cancer. PLoS One. 2020 Oct 21;15(10):e0240892. doi:
10.1371/journal.pone.0240892. PMID: 33085712; PMCID: PMC7577453.

Impact factor 2.74.

Kalinauskaite GG, Tinhofer II, Kufeld MM, Kluge AA, Grin AA, Budach VV, Senger CC,
Stromberger CC. Radiosurgery and fractionated stereotactic body radiotherapy for patients with lung
oligometastases. BMC Cancer. 2020 May 11;20(1):404. doi: 10.1186/s12885-020-06892-4. PMID:
32393261; PMCID: PMC7216666

Impact factor 3.15

Stromberger C, Yedikat B, Coordes A, Tinhofer |, Kalinauskaite G, Budach V, Zschaeck S, Raguse
JD, Kofla G, Heiland M, Stsefanenka A, Beck-Broichsitter B, Dommerich S, Senger C, Beck M.
Prognostic Factors Predict Oncological Outcome in Older Patients With Head and Neck Cancer
Undergoing  Chemoradiation  Treatment. Front. Oncol. 2021 Feb 10:e3253. doi:
https://doi.org/10.3389/fonc.2020.566318

Impact factor 4.8

Leger S, Zwanenburg A, Leger K, Lohaus F, Linge A, Schreiber A, Kalinauskaite G, Tinhofer I,
Guberina N, Guberina M, Balermpas P, von der Griin J, Ganswindt U, Belka C, Peeken JC, Combs
SE, Boeke S, Zips D, Richter C, Krause M, Baumann M, Troost EGC, Loéck S. Comprehensive
Analysis of Tumour Sub-Volumes for Radiomic Risk Modelling in Locally Advanced HNSCC.
Cancers (Basel). 2020 Oct 19;12(10):3047. doi: 10.3390/cancers12103047. PMID: 33086761;
PMCID: PMC7589463.

Impact factor 5.74

Starke S, Leger S, Zwanenburg A, Leger K, Lohaus F, Linge A, Schreiber A, Kalinauskaite G,
Tinhofer I, Guberina N, Guberina M, Balermpas P, von der Griin J, Ganswindt U, Belka C, Peeken JC,
Combs SE, Boeke S, Zips D, Richter C, Troost EGC, Krause M, Baumann M, Léck S. 2D and 3D
convolutional neural networks for outcome modelling of locally advanced head and neck squamous
cell carcinoma. Sci Rep. 2020 Sep 24;10(1):15625. doi: 10.1038/s41598-020-70542-9. PMID:
32973220; PMCID: PMC7518264.

Impact factor 3.99

Zschaeck S, Li Y, Lin Q, Beck M, Amthauer H, Bauersachs L, Hajiyianni M, Rogasch J, Ehrhardt VH,
Kalinauskaite G, Weingartner J, Hartmann V, van den Hoff J, Budach V, Stromberger C, Hofheinz
F. Prognostic value of baseline [18F]-fluorodeoxyglucose positron emission tomography parameters
MTV, TLG and asphericity in an international multicenter cohort of nasopharyngeal carcinoma
patients. PLoS One. 2020 Jul 30;15(7):e0236841. doi: 10.1371/journal.pone.0236841. PMID:
32730364; PMCID: PMC7392321.

Impact factor 2.74

Senger C, Conti A, Kluge A, Pasemann D, Kufeld M, Acker G, Lukas M, Griin A, Kalinauskaite G,
Budach V, Waiser J, Stromberger C. Robotic stereotactic ablative radiotherapy for renal cell carcinoma

68



in patients with impaired renal function. BMC Urol. 2019 Oct 21;19(1):96. doi: 10.1186/s12894-019-
0531-z. PMID: 31638979; PMCID: PMC6805546.
Impact factor 1.59

Dadoniené J, Cypiené A, Rinktniené E, Badariené J, Burca J, Sakaité I, Kalinauskaité G,
Kumpauskaité V, Laucevi¢ius A. Vitamin D and functional arterial parameters in postmenopausal
women with  metabolic syndrome. Adv Med Sci. 2016 Sep;61(2):224-230. doi:
10.1016/j.advms.2015.12.007. Epub 2016 Jan 13. PMID: 26946163.

Impact factor 2.57

69



13. Acknowledgments

I wish to express my sincere appreciation to the following people for their input and support in preparation of
this work.

Dr. Carmen Stromberger for not only being the best supervisor, encouraging me, sharing her priceless expertise
and time with me, but also for being a very good friend. Without her persistent support and trust in me, this
thesis would not be accomplished.

Prof. Tinhofer for thoughtful guidance, valuable ideas, and her precious time. Special thanks to the team of the
"Laboratory of Radiation Oncology and Radiotherapy" for their guidance through the laboratory work.

Prof. Budach for accepting me in his team and for his daily support.

All my colleagues who shared with me their experience, and valuable ideas, and for their devotion in treating
our patients.

I would like to thank Berliner Krebsgesellschaft, under the lead of Prof. Feyer, for granting me with Ernst von
Leyden-Stipendium.

| am also very grateful to my supportive parents, my encouraging partner Tomas, my sister Indre (the real
"doctor™) and my best friend Laura. | would also like to thank my friends all around the world for recharging
me doing the more difficult times of this work!

70



