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Abstract:

 Renal cell carcinoma (RCC) is traditionally considered to be radioresistant; therefore, conventional radiotherapy (RT) fraction sizes of 1.8 to 2 Gy are thought to have little role in the management of primary RCC, especially for curative disease. In the setting of metastatic RCC, conventionally fractionated RT has been an effective palliative treatment in 50% of patients. Recent technological advances in radiation oncology have led to the clinical implementation of image-guided radiotherapy, allowing biologically potent doses to the tumors intra- and extra-cranially. As predicted by radiobiologic modeling, favorable outcomes have been observed with highly hypofractionated schemes modeled after the experience with intracranial stereotactic radiosurgery (SRS) for RCC brain metastases with reported local control rates averaging 85%. At present, both primary and metastatic RCC tumors may be successfully treated using stereotactic approaches, which utilize steep dose gradients to maximally preserve function and avoid toxicity of adjacent organs including liver, uninvolved kidney, bowel, and spinal cord regions. Future endeavors will combine stereotactic body radiation therapy (SBRT) with novel targeted therapies, such as tyrosine kinase inhibitors and targeted rapamycin (mTOR) inhibitors, to maximize both local and systemic control.
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1. Introduction

An estimated 60,920 new cases of kidney cancer are expected to be diagnosed in the United States in 2011, of which the majority (>90%) will be renal cell carcinoma (RCC). RCC incidence rates have risen by 2–3% over the past 20 years, which is likely due to the increased detection of small primary tumors. In contrast to symptomatic tumors, incidentally diagnosed RCC primary and metastatic tumors are better candidates for definitive resection [1].

Surgical treatment remains the standard of care for localized, non-metastatic RCC, with the first report of radical nephrectomy in 1948 [2]. Initial surgical principles included kidney removal with its perirenal fat, regional lymph nodes, and ipsilateral adrenalectomy and open radical nephrectomy as the traditional de facto standard of care. Representative surgical series described long-term survival rates of 60%–90%, 20%–67%, 15%–80%, and 2%–20%, for stages I, II, III, and IV, respectively [3]. Surgical management has evolved as a result of emerging understanding of the biologic and clinical behavior of disease [4]. Contemporary studies suggest that the rate of adrenal metastases is low with no significant differences in cancer-specific survival rates with or without adrenalectomy. Similarly, the extent and need of routine lymphadenectomy continues to be debated. The Phase III EORTC 30881 [5], which compared radical nephrectomy with or without lymphadenectomy for stage T1-3N0M0 tumors, failed to detect a progression-free or survival benefit for lymphadenectomy at 5 years. In addition, indications for partial nephrectomy have expanded; modern long-term outcomes support its use as an effective alternative to radical nephrectomy with respect to cancer-specific survival. Extension into the inferior vena cava, which represents a significant challenge from a technical perspective, is advocated for patients with organ-confined tumors. Laparoscopic and more recently robotic resection approaches have emerged as alternatives to open nephrectomy in the management of properly selected patients with localized RCC without renal vein involvement or lymphadenectomy. Ablative techniques, with varying ranges of clinical experience including cryotherapy, radiofrequency ablation, microwave thermotherapy, and high-intensity focused ultrasound, are also being evaluated. The role of metastasectomy and/or cytoreductive nephrectomy in patients with metastatic disease remains controversial, although it is considered for palliation in patients with only partial regression of metastases or in those with prolonged disease regression following systemic therapy. One possible exception is the use of metastasectomy for solitary metastases, which can provide long-term remission rates of up to 30%, particularly in cases of metachronous pulmonary metastases.

Attempts at incorporating conventionally fractioned radiation into the routine management of RCC date back at least 50 years. Initial retrospective data described an apparent survival advantage with preoperative radiation vs. surgery alone; nevertheless, two subsequent prospective clinical trials failed to confirm such benefit. In the first, van der Werf-Messing et al. reported a series of 126 evaluable patients testing preoperative radiation to 30 Gy in 15 fractions followed by immediate nephrectomy and revealed no significant survival benefit but noted a possible benefit in patients with T3 lesions conferred by increased complete resection rates [6]. A second study by Juusela et al. utilized preoperative radiation at 2.2 Gy per fraction to 33 Gy with inferior overall survival (OS) for patients treated with preoperative radiotherapy (47% vs. 63% at 5 years) [7]. Similarly, postoperative radiotherapy failed to show a substantial benefit despite initial encouraging retrospective reports. A prospective randomized trial of postoperative radiotherapy conducted by the Copenhagen Renal Cancer Study Group compared nephrectomy alone to postoperative radiotherapy consisting of 50 Gy in 20 fractions, again without significant survival benefit (5-year survival 62% for nephrectomy alone vs. 38% nephrectomy and adjuvant radiotherapy), and noted significant complications in 44% of radiotherapy (RT) patients [8]. Emerging evidence suggests that the suboptimal efficacy of conventionally fractionated RT in the management of RCC stems from its unique biologic characteristics, of which salient findings are summarized in the following section.



2. Biology of Renal Cell Cancer—A Radiotherapeutic Perspective

Like breast, prostate, and colon cancers, RCC occurs in familial and sporadic forms [3]. Substantial clinical and laboratory investigation of RCC over the past two decades has led to expanded insight into the tumor biology and genetic basis. Notable gains in the understanding of the genetic basis and underlying biology of RCC branch from the investigation of the hereditary forms of the tumor [3]. RCC is associated with multiple syndromes, including von Hippel Lindau syndrome (VHL), tuberous sclerosis, hereditary papillary RCC, Britt-Hogg-Dubé (BHD) syndrome, and hereditary renal carcinoma. Recent advances in the biology of RCC demonstrate VHL-associated molecular features. For example, Gordan et al. described the effects of VHL tumor suppressor loss in hypoxia inducible factor alpha (HIF-α) stabilization as occurring in 70% of sporadic clear cell RCC [9]. His group analyzed VHL genotype and HIF-α expression in 160 primary tumors, which were segregated into three groups with distinct molecular characteristics. Tumors with intact VHL and those with VHL-deficiency but expressed HIF-1α and HIF-2α exhibited enhanced Akt/mTOR and ERK/MAP kinase signaling, whereas VHL-deficient RCCs that only expresses HIF-2α displayed elevated C-MYC activity. Therefore, the end effect of VHL on the HIF transcription factor profile may dictate tumor biology critical to therapeutic response or overall disease behavior.

Recent in vitro studies have investigated the relationship between RCC radioresistance and HIF-2α. Bhatt et al. examined cell lines expressing stable short-hairpin RNAs (shRNAs) encoding HIF-2α [10]. Cell lines were assayed for their response to increasing doses of ionizing radiation. Results demonstrated that RCC lines with decreased HIF-2α levels showed a significant increase in radiation sensitivity and an increase in G2 cell cycle arrest. Rapamycin, while effective in decreasing HIF1alpha protein levels, did not affect HIF2alpha levels in either of the RCC cell lines. The authors concluded that HIF-2α levels were inversely correlated to radiosensitivity, potentially accounting for clinical RCC radioresistance. In addition, the authors suggested that mTOR inhibitors might be ineffective radiosensitizers given their lack of effect on HIF-2α levels.

In addition to VHL and HIF, a number of genes have been implicated in the initiation, development, and progression of RCC. These include the FHIT and RASF1 tumor suppression genes, several forms of the TGF-β receptor, pentaerythritol tetranitrate, vascular endothelial growth factor (VEGF), and carbonic anhydrase.

The recent advances into our understanding of the molecular pathogenesis of RCC have translated directly into improved treatment options and oncologic outcomes, particularly for patients with metastatic disease, and exemplified by an ever-expanding array of targeted therapies [11]. Among these, VEGF receptor tyrosine kinase inhibitors and inhibitors of the mTOR signaling pathway have emerged as first-line options in the management of metastatic renal cell carcinoma (MRCC) based on improved progression-free and/or OS outcomes. Notably, as compared with interferon in patients with good or-intermediate risk clear renal cell carcinoma (CCRCC), the tyrokinase inhibitor sunitinib demonstrated an OS benefit (26.4 vs. 21.8 months, p = 0.051) even in the setting of crossover. Additionally, the tyrokinase inhibitors sorafenib and pazopanib have also received Food and Drug Administration approval. Current research efforts are directed towards understanding and overcoming the resistance mechanisms following initial response to therapy [12,13].

Beyond the VEGF pathway, inhibition of the mTOR signaling provides an alternate mechanism for targeted therapy in RCC. In the front-line setting, the mTOR inhibitor temsirolimus is utilized in patients with poor-risk disease given improved OS. A phase III, placebo-controlled study established a role for second-line treatment with the mTOR inhibitor everolimus by demonstrating a significant progression-free survival (PFS) benefit with a hazard ratio of 0.3, which prompted the approval of the agent following disease progression after VEGF inhibitor therapy [14].

Combination strategies, including “vertical inhibition,” which describes a combination of therapies that target factors working in a linear signaling pathway, and “lateral inhibition” which implies inhibiting targets from known overlapping pathways, both constitute foci of ongoing research studies with significant potential for integration of stereotactic radiotherapy (e.g., in the treatment oligometastases) as a local targeted therapeutic option.

Renal cell carcinoma has traditionally been considered intrinsically radioresistant although the specific molecular mechanisms responsible for such radioresistance have not been elucidated. However, radioresistance was verified through laboratory experiments by Deschavanne et al. indicating that RCC is amongst the most radioresistant in vitro cell types [15]. A possible explanation may lie in STAT1, a transcription factor downstream of the interferon signaling pathway. Recent data from Hui et al. demonstrated increased radiosensitivity amongst human CCRCC samples by the inhibition of STAT1 expression by fludarabine and siRNA [16]. The manipulation of this, and potentially additional pathways, may help identify agents allowing for synergistic activity in combination with RT, further expanding local management options.

Current radiobiologic modeling of dose response using conventional fraction sizes of 1.8–3 Gy is based on the concept of biologic effective dose (BED) [15,17]:
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Two retrospective analyses have utilized the linear quadratic (LQ) formalism to investigate the biologic effective dose for appropriate palliative management of RCC. In the first, using a retrospective dataset of 107 patients and 150 irradiated sites, DiBiase et al. revealed an 86% palliative response rate after RT, including a 49% complete response rate [18]. Multivariate analysis identified performance status and a higher BED as significant response predictors. Nevertheless, the study utilized a presumed α/β value 10, which might be an overestimate based on more recent studies. A subsequent study by Wilson et al. evaluated 143 palliative treatments amongst 78 patients with MRCC and described a similar response rate of 73% [19]. The LQ formalism was used to calculate biologic effective doses using α/β ratios of 3 and 7. Response type and duration were not predicted by BED3 or BED7.

The efficacy of conventionally fractionated palliative radiotherapy for MRCC was best documented in a well-conducted, prospective phase II trial by Lee et al. which included 31 patients [20]. The authors prescribed 30 Gy in 10 fractions and documented pain, analgesic use, symptoms, and quality of life using validated questionnaire instruments prior to and at multiple times after RT. Among patients treated for pain, 83% experienced site-specific pain relief after RT, and 48% did not require increased analgesic medication. Unfortunately, global pain and quality of life scores were limited due to progressive systemic disease. Interestingly, the aforementioned response rate of 83% was achieved despite a BED10 of 39 Gy, which is lower than the threshold of 50 previously suggested by DiBiase et al. [18]. As a result, the authors supported the continued use of 30 Gy in 10 fractions as a palliative schedule for RCC, although their low patient numbers and limited follow-up evaluation may preclude definitive conclusions, particularly in the modern area of protracted survival of MRCC and sequential use of multiple targeted agents.

Despite the inherent controversies in optimizing RT management of MRCC relating to the aforementioned laboratory and clinical evidence supporting dose escalation, technical developments in the fields of stereotactic radiosurgery (SRS), which was utilized initially for brain tumors and most recently expanded to extracranial sites, have allowed RT treatment intensification with permissible toxicity rates [18]. The pertinent studies relating to cranial and extracranial radiosurgery for RCC will be described in the subsequent sections.



3. Radiotherapeutic Management of RCC Brain Metastases

Brain metastases constitute an important cause of morbidity and mortality in patients with RCC with reported incidence of brain metastases in 10% of patients based on an autopsy series. Over several decades, whole brain radiotherapy (WBRT) has constituted a standard treatment option in the management of brain metastases, in particular for the treatment of lung and breast cancer brain metastases, although it is potentially associated with neurocognitive dysfunction and with suboptimal control rates (especially for larger tumors) [21,22].

Traditional outcomes using WBRT for brain metastases in unselected patients are poor. An analysis from the Radiation Therapy Oncology Group (RTOG) database of prospective trials classified patients into three prognostic groups based on the recursive partitioning analysis (RPA) scheme with a median survival ranging from 2.3 to 7.1 months [23]. Outcomes after WBRT appear especially poor for patients with MRCC, a finding classically attributed to radioresistance. For example, a retrospective study by Wronski et al. revealed a median survival of 4.4 months from diagnosis following WBRT for RCC, with death from neurologic causes in 76% of patients [24]. These unsatisfactory results led to the proposal of more aggressive approaches, including surgical resection and radiosurgery, for RCC brain metastases.

Local treatment intensification in properly selected patients is sensible in light of published data. As an example, craniotomy for properly selected patients with solitary lesions is supported by the phase III trial by Patchell et al., which demonstrated overall local PFS at the treated site as well as OS benefit (median time of 40 weeks in observation vs. 15 weeks in the WBRT-only arm) [25]. Similarly, technological advancements in the fields of radiotherapy and imaging dating back to the efforts of Leksell at the University of Uppsala in the 1950s have led to the development of intracranial stereotactic radiosurgery (SRS) techniques, which have been revised and optimized through several decades of development [26]. Originally employing narrow proton beams, practical considerations led investigators to the development of focused gamma- (i.e., Gamma Knife) and X-ray- (i.e., linear accelerator) based SRS technologies. Given the relative ease of frame-based immobilization, initial efforts focused on intracranial SRS. Conceptually, the technique describes an ablative use of therapeutic irradiation relying on convergence of multiple beams around a target volume, resulting in a heterogeneous dose distribution with sharp falloff gradients into surrounding normal tissue omitting prophylactic treatment of areas and subclinical risk of disease. The technique of intracranial SRS has now matured through several decades and is routinely performed in the outpatient basis either with invasive (frame-based), and non-invasive (frameless) methods. Results from a number of centers indicate excellent local control rates for small MRCC lesions treated with SRS as summarized in Table 1.

Table 1. Selected SRS series in RCC brain metastases.


	Author
	No. of Lesions Treated
	SRS Type
	Median Marginal Dose (Gy)
	Tumor Control Rate (%)
	Distant Failure Rate (%)
	Median Survival (m)
	Death From Brain Disease (%)





	Payne et al. [27]
	37
	GK
	20
	100
	50
	8
	0



	Noel et al. [28]
	65
	LINAC
	17.3
	97
	N/A
	11
	29



	Muacevic et al. [29]
	376
	GK
	21.2
	94
	33
	11.1
	10



	Shuto et al. [30]
	444
	GK
	22
	84
	39
	12
	17.2



	Kano et al. [31]
	531
	GK
	18
	92
	36
	8.2
	N/A








Despite the noted improvements in tumor control, a number of clinically relevant questions remain in the management of RCC brain metastases, which include the use of adjuvant WBRT, the selection of patients for stereotactic radiosurgery vs. SRS, and prognostic factors following stereotactic treatment in RCC patients.

With respect to the initial selection of radiosurgery vs. resection, for medically operable patients, significant factors include tumor size, number of metastases, and presence of symptomatic peritumoral edema. Surgical resection for brain metastases offers a number of attractive options, including confirmation of pathology, rapid reversal of neurologic symptoms, absence of neurologic symptoms, and durable local control for selected patients, but this comes with potential disadvantages including delays in systemic therapy and operative morbidity and mortality with incidence of up to 13% in a series of 400 craniotomies [32]. RCC-specific craniotomy outcomes have been reported in at least three retrospective series and have favored the inclusion of patients with superficial, easily resectable tumors in patients with higher Karknofsky scores at presentation. In a review of 50 patients, Wronski et al. described local recurrences in nine patients with overall recurrence of 49% [33]. The authors recommended consideration of craniotomy for effective palliation in selected patients. In consideration of modern systemic treatments for RCC, surgery is advocated for young (<65 years) patients with accessible, superficial solitary lesions, good performance status, and controlled extracranial disease or alternatively for those with symptomatic large lesions in need for rapid symptomatic relief [34].

The RTOG protocol 90-05 established SRS dose-volume prescription criteria for safety based on tumor size with tumor doses of 24, 18, and 15 Gy recommended in a single fraction for lesions up to 2 cm, between 2 and 3 cm, and greater than 3 cm in diameter, respectively [35]. Due to volumetric expansion of irradiated volume as a cubic function of lesion radius, single-fraction radiosurgery is limited to lesions ≤4 cm. In addition, in an analysis of 80 patients by Shuto et al., patients with RCC brain metastases treated with Gamma Knife radiosurgery demonstrated increased edema index for RCC metastases vs. comparable patients with breast and lung primary tumors (Table 1) [30]. While an overall tumor control rate of 84% was achieved, peritumoral edema was only controlled in 64% of patients compared to 80% for other histologic types. Twelve patients who underwent craniotomy demonstrated local control rate of 67% with surgery alone with relative ease of resection and control of edema and without significant bleeding. A marginal dose of 20 Gy was suggested to achieve tumor control, but a dose of 25 Gy or more is needed to control peritumoral edema. A second analysis by Muacevic et al. of 85 patients with 376 brain metastases prescribed a mean tumor dose of 21.2 ± 3.2 Gy, and local/distant tumor recurrences were treated by additional SRS (Table 1) [31]. Patients had an overall median survival of 11.1 months, and local tumor control rate after SRS was 94%. While most (78%) of patients died from systemicx transient radiogenic complications, and three patients (3.5%) died because of intratumoral bleeding. Long-term reports conclusively document excellent intracranial local tumor control rates with SRS. Payne et al. described a retrospective series with 21 patients and 37 metastatic lesions treated with Gamma Knife (Table 1) [27]. In that early experience, 23 tumors were observed post-treatment, and none had progression. No radiation-induced changes in follow-up imaging were seen at an average of 21 months post-treatment. Sheehan et al. provided an update of the University of Pittsburgh series with median doses to the tumor margin of 16 Gy with a median OS of 15 months [36]. Radiographic local tumor control was seen in 96% of the patients. The quoted median survival time greatly exceeded that of the RTOG, RPA class I experience. Similarly Noel et al. also obtained excellent local control rates of 93% at 12 months using linac-based stereotactic radiosurgery with mean minimal dose of 14.7 Gy (Table 1) [28]. More recent studies have attempted to predict radiosurgical outcomes on the basis of early post-treatment imaging characteristics. Kim et al. defined good response as volumetric reduction of brain metastases to less than 75% of the baseline and noted a doubling of median survival times (18 months vs. 9 months, respectively), among good responders [37]. An updated analysis from the University of Pittsburgh revealed long-term local tumor control in 92% of patients treated with SRS with symptomatic adverse radiation effects in 7% (Table 1) [29]. Seventy percent of patients improved or remained neurologically stable. Multivariate analysis found that younger age, fewer brain metastases, absence of prior WBRT, and no prior systemic treatment (chemotherapy and/or immunotherapy) were associated with longer survival times. Salvage therapies utilized upon intracranial progression included repeat stereotactic radiosurgery, craniotomy, and WBRT. Six of 158 patients developed hemorrhage after SRS, and three required craniotomy. The topic of whether WBRT should be added to SRS for RCC patients remains controversial, particularly given the inconclusive data from randomized trials for patients with predominantly radiosensitive histologies including those by Patchell, Aoyama, and Kocher [25,38,39].

In aggregate, these studies suggested improved local and distant brain tumor control without demonstrable survival benefit for WBRT. Specifically for RCC, the retrospective series of 88 patients by Fokas et al. using a combination of SRS and/or WBRT for brain metastases also demonstrated improved intracranial control with WBRT without OS benefit [40]. In light of: (a) high local tumor control rates achievable with SRS for appropriate candidates; (b) ease of radiographic follow-up; and (c) in consideration of the potential for neurocognitive decline associated with WBRT, we recommend initial SRS followed by observation for most patients with limited (1 to 4) RCC brain metastases [41].



4. Extracranial Stereotactic Radiotherapy

While conventionally fractionated external beam radiation was investigated in the neoadjuvant, adjuvant and palliative roles, control rates (particularly for brain metastases and primary tumors) have been disappointing and have not produced survival improvement. Fortunately, cranial SRS has demonstrated excellent response rates for RCC metastases, and this has coincided with technical advances in imaging and immobilization techniques permitting the implementation of extracranial stereotaxy. The historical development of extracranial SRS/SBRT has been previously summarized [42]. Briefly, SBRT was developed in the mid-1990s at the Karolinska Institute in Sweden using a “stereotactic body frame” and rigid immobilization, and it was later adopted by Japanese and North American investigators [43,44]. In view of highly promising initial results for lung SBRT at the University of Indiana, the technique has been adopted by the RTOG, and the encouraging local control rates for patients with medically inoperable lung cancer were validated in a recent Phase II trial, which demonstrated primary tumor control rate of 98% at 3 years [45].

Similar to intracranial SRS, SBRT typically delivers high doses per fraction. Frameless systems that utilize volumetric (kilo-and-megavoltage, planar, and/or CT) image guidance as an integral component of therapy are now available. Abdominal and retroperitoneal targets are amenable for treatment, with breath-hold and gating techniques employed in case of large breathing-induced tumor displacement [46]. SBRT requires high dose distribution conformality with rapid falloff beyond the prescribed planning target volume (PTV). Optimized dose-volume conformality parameters have been derived as part of the prospective series of clinical trials from the RTOG, in particular for lung targets [47]. Conceptually, these require minimization of both the high and intermediate isodose volumes. In practice, this is typically accomplished via conformal or intensity-modulated techniques with a large number of beam projections inclusive of non-coplanar fields.

The clinical application of SBRT for RCC is somewhat limited compared to lung or liver sites; nevertheless, experience in clinical application is now emerging. A study by Hillman et al. reported on the combination of sunitinib with tumor irradiation and soy isoflavones. This combination showed dramatic inhibition of tumor growth, disruption of the vasculature, and apoptosis of kidney tumors [48]. Beitler et al. reported on nine patients with non-metastatic RCC (including two patients with bilateral disease) treated definitively using conformal techniques to 40 Gy in five fractions [49]. Extended survival was noted in four of the nine patients, all of whom had small (<3.4 cm), none-negative, organ-confined lesions. More extensive experience was reported from the Karolinska Institute [50-53]. The most recent trial described the use of SBRT for lung, kidney, and adrenal sites [52]. The authors employed abdominal compression for reproducibility. Using a range of PTV prescription doses, local control was achieved in 98% of the treated lesions, although follow-up was limited to less than 6 months in 19% of patients. Overall survival was 32 months. Teh et al. demonstrated similar control rates amongst 14 patients with 23 extracranial MRCC lesions and two patients with inoperable, biopsy-proven RCC [54]. Using doses ranging from 24 to 48 Gy in 3–6 fractions, a local tumor control rate of 87% was observed. Preliminary data using carbon ion therapy also suggests promising control rates, albeit with slow clinical response rates, among RCC patients treated with definitive intent. Specifically, Nomiya et al. described 5-year local control and cause-specific survival rates of 100% and 100% among a cohort of 10 patients [55].

Favorable outcomes for SBRT in the treatment of RCC spinal metastases have also been reported. Gertzen et al. described 48 patients with 60 RCC spine metastases at various levels [56]. Treatment delivery utilized the robotic Cyberknife system. Mean maximum dose was 20 Gy. The volume of spinal cord exceeding 8 Gy was minimized, with mean of 0.64 cubic centimeters. Results demonstrated pain improvement in 90% of patients with tumor control in six of seven patients treated for radiographic progression.

In consideration of the previously reviewed literature on targeted therapy for RCC, the prior reports demonstrate significant oncologic merit in the treatment of oligometastatic disease [57]. In support of this concept, high-dose treatment may stimulate proliferation of quiescent cells, increasing sensitivity to systemic agents. Alternatively, enhanced radiosensitivity may be achieved through inhibition of radioresistance, potentially achievable through mTOR inhibitors as demonstrated in vitro in sarcomas and tumor vasculature [58], potentially through suppression of DNA double-stranded break repair [59]. Despite the strong scientific rationale in support of combined therapy, clinical experience remains limited to selected case series. In a recent case report, Kirova et al. described partial remission of a large retroperitoneal RCC recurrence using intensity-modulated helical tomotherapy (45 Gy in 25 fractions) and concurrent everolimus at 10 mg daily dosing [60]. Questions remain regarding the optimal dose and fractionation schemes for SBRT of RCC (in particular, with respect to minimum doses required for control of oligometastases). A recent analysis by Stinauer et al. evaluated SBRT outcomes in patients with metastatic melanoma (n = 17 patients, 28 lesions) or RCC (n = 13 patients, 25 lesions) [61]. The SBRT dose regimen was converted to the single fraction equivalent dose (SFED) for dose-response analysis. Various SBRT regimens were employed, ranging from 40–60 Gy in 3–5 fractions. At a median follow-up of 28 months for living patients, actuarial local control was 88% at 18 months. Results suggested optimal outcomes for larger fraction sizes and SFED regimens exceeding 45 Gy, with comparable control rates with respect to “classically radiosensitive” histologies. Their findings are in need of further validation.



5. Conclusions

As demonstrated in this review, the role of radiation therapy in RCC is bounded by its intrinsic radiobiologic properties conferring radioresistance to conventionally fractionated radiotherapy in the range of 1.8–3 Gy per fraction with a possible exception of symptomatic pain relief for selected bony metastases. Nevertheless, the advent of intra- and extra-cranial stereotactic techniques have ushered a promising era with a broadened scope for radiation therapy in primary unresectable renal tumors as well as intra- and extra-cranial metastases. These developments have fortunately coincided with advances in systemic therapy, which have resulted in improved OS rates for metastatic disease. Research efforts are underway to explore the optimal sequencing of combined SBRT and systemic therapy for oligometastases.
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