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Abstract
Purpose: We report our single-institution stereotactic body radiation therapy (SBRT) experience on stage I renal cancer with
prospectively collected toxicity and efficacy data.
Methods and Materials: A total of 21 patients with solitary renal tumors, including 14 surgical candidates who refused surgery (66%),
were treated with SBRT. Histologic confirmation was obtained on all patients before treatment; 2 had transitional cell carcinoma and 19
had renal cell carcinoma. The median age was 71 years (range, 58-88). Nearly all patients received 48 Gy in 3 fractions.
Results: The median follow-up was 78 months (range, 5-107). At 5 years post treatment, the local tumor control rate was 100%.
Tumor size decreased by a median value of 5.3% at 1 year post treatment, 15.6% at 2 years post treatment, and 15.4% at 5 years
post treatment. Glomerular filtration rate had decreased by a median value of 1.5% at 1 year post treatment, 7.0% at 2 years post
treatment, and 14.2% at 5 years post treatment. Three patients experienced grade 1 toxicity; no other treatment-related adverse
effects were reported.
Conclusions: SBRT is a promising noninvasive treatment in the management of primary renal cell carcinoma, with evolving
clinical evidence demonstrating encouraging results with respect to local control and toxicity.
� 2019 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The American Cancer Society estimates approximately
73,820 new cases of kidney cancer in the United States in
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2019, with 14,770 associated deaths.1 The incidence of
new kidney cancers has been rising since the 1990s,
paralleling an aging population and more frequent utili-
zation of imaging studies. Specifically, the expanded use
of cross-sectional imaging techniques has led to a surge in
the detection of small renal masses in asymptomatic pa-
tients. This has catalyzed enthusiasm for a less invasive
approach to manage these primary tumors.2 Radical ne-
phrectomy is employed for up to 49% of T1a (<4 cm)
renal cell cancers (RCCs).3 In addition, survivors remain
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at long-term risk for contralateral tumors, with a risk ratio
of 13.7 at 10 years.4 Renal-relevant comorbidities exist in
most patients, contributing to an increased risk of subse-
quent renal malignancies.5 This population at baseline
typically demonstrates high rates of chronic kidney dis-
ease (CKD)6 and is at high risk of developing end-stage
renal disease.7 For patients with renal tumors smaller
than 4 cm, partial nephrectomy is the preferred primary
treatment option, and when this is not feasible, radical
nephrectomy, active surveillance, thermal ablation, or
cryoablation are often advised, sometimes with mixed
results.8-12

Stereotactic body radiation therapy (SBRT), also
referred to as stereotactic ablative radiation therapy, de-
livers precise beams of radiation at various intensities
guided by a sophisticated imaging system that tracks the
exact 3-dimensional location of a tumor. Such precision
allows high doses of radiation to be safely delivered to the
tumor while minimizing damage to healthy tissue.
Favorable early results with early-stage lung cancer,
gastrointestinal tumors, and prostate and liver tumors
demonstrate that SBRT is more effective than standard
radiation therapy. SBRT as a treatment modality is
attractive as it is noninvasive, it avoids general anesthesia,
and it can treat large tumors, including those in the per-
ihilar location. SBRT has shown encouraging efficacy in
metastatic renal cell cancers (mRCCs).13,14 A recent study
by Wang et al on the safety and efficacy of SBRT for
extracranial mRCC demonstrated excellent local control
of mRCC with a favorable safety profile.15 Several reports
using SBRT for primary renal tumors have demonstrated
excellent rates of tumor control with minimal effects on
renal function.16-18 These encouraging results led us to
offer SBRT to patients who refused surgery or who were
medically inoperable. We report our single-institutional
experience with prospectively collected toxicity and effi-
cacy data of SBRT on patients with stage I renal cancers.
Table 1 Pretreatment patient characteristics

Median (n Z 21)
[min, max]

Age, y 71 [58, 88]
Greatest tumor
dimension, cm

2.85cm [1.2, 7.7]

RENAL complexity score 6 [4, 10]
ECOG (Karnofsky)
performance score

1 (80%) [0, 2 (70%, 100%)]

Total dose, Gy 48 [42,48]
No. of fractions 3 [3,3]
EGFR, mL/min 70 [33, 99]
Tumor volume, cm3 13.54 [2.06, 185.13]

Abbreviations: ECOG Z Eastern Cooperative Oncology Group;
EGFR Z estimated glomerular filtration rate.
Methods and Materials

Twenty-one consecutive patients with solitary renal
tumors, including 14 surgical candidates who refused
surgery (66%), were treated with SBRT. All patients were
treated between November 2009 and August 2018. His-
tologic confirmation was obtained on all patients before
treatment; 2 had transitional cell carcinoma and 19 had
RCC. The age range of the patients was 58 to 88 with a
median age of 71 years. The patient population consisted
of 12 men and 9 women and was composed of 17 non-
Hispanic whites, 2 Hispanics, 1 African American, and 1
Asian.

Contrast-enhanced computed tomography and mag-
netic resonance imaging scans were obtained after fiducial
placement and after fiducial-to-fiducial fusion was per-
formed. Tumor delineation (gross tumor volume) was
performed on both data sets, and a 3- to 5-mm expansion
was used to generate the planning target volume (Fig 1).
A 4-dimensional computed tomography scan was per-
formed selectively in patients with significant or irregular
fiducial movement noted at the time of verification
simulation on the CyberKnife. Additional margin con-
siderations were made based on fiducial location with
respect to the tumor and individual movement character-
istics. Nearly all patients (n Z 20) received 48 Gy in 3
fractions; 1 patient with a central renal pelvis tumor
received 42 Gy in 3 fractions. Treatments were typically
performed on consecutive working days. Before treat-
ment, patients were placed on antiemetics and were
selectively placed on steroids.

The median time from diagnosis to SBRT was 3
months (range, 0-37 months). The median axial dimen-
sion of the tumor was 2.85 cm (range, 1.2-7.7 cm); 19
renal lesions were less than 4 cm in diameter, 1 was 7.7
cm, 1 was 4.7 cm, and 1 was 4.1 cm. The RENAL
(radius, exophytic and endophytic, nearness of tumor to
collecting system or sinus, anterior and posterior, and
hilar tumor touching main renal artery or vein and
location relative to polar lines) complexity score among
RCC lesions was low (4-6) in 10 patients, moderate (7-9)
in 6, and high (10-12) in 2.19 Eight patients had a pre-
treatment Eastern Cooperative Oncology Group (ECOG)
performance score of 0 (Karnofsky Performance Status
[KPS] of 100%), 8 had a pretreatment ECOG score of 1
(KPS 90% or 80%), and 5 had a pretreatment ECOG
score of 2 (KPS of 70%). Pretreatment patient charac-
teristics are noted in Table 1. All patients gave informed
written consent, and institutional review board approval
was obtained.

SBRT administration system

SBRT was delivered using the CyberKnife robotic
radiosurgery system, which uses a 6-MV linear acceler-
ator attached to a robotic manipulator with 6� of freedom,



Figure 1 Delineation of planning gross tumor volume and planning target volume.
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permitting radiation to be delivered from thousands of
angles. CyberKnife uses orthogonally positioned x-ray
tubes to image the patient during treatment. These images
are used to track, map, and build a model of the predictive
position of internal markers. This map and model can be
used to adjust the robotic manipulator in real time to ac-
count for changes in body position and breathing. In this
study, gold fiducials were used to track the planning target
volumes.

Accounting for respiratory motion

To account for movement, CyberKnife collects respi-
ratory amplitude signals and correlates the fiducial posi-
tion at time of the orthogonal x-ray to the respiratory
signal. This mapping process creates a continuously
updated prediction model of the fiducials’ position (and
by proximity, the tumor’s position). Respiratory motion
was mapped with the CyberKnife’s synchrony tracking
method, which uses external cameras to record the posi-
tioning of infrared markers placed on the patient’s chest.
These measurements create a correlation model that pre-
dicts tumor location throughout the respiratory cycle.
CyberKnife continuously updates the correlative model
during treatment. Model validity is verified by our phy-
sicians and physics team daily.

Measuring treatment response

Tumor volume, disease progression, serum creatinine,
and adverse events (AEs) were assessed during follow-up
visits. Tumor volume was measured using computerized
tomography and magnetic resonance imaging scans and
then analyzed using RECIST guidelines.20 According to
RECIST guidelines, a decrease in tumor size greater than
30% is defined as partial response, complete tumor
disappearance is defined as complete response, a 20% size
increase or the appearance of a new lesion characterizes
progression, and neither sufficient shrinkage to qualify for
partial response nor sufficient increase to qualify for
progression is defined as stable disease.21 Serum creati-
nine was measured with blood tests and used to calculate
glomerular filtration rate (GFR) using the CKD Epide-
miology Collaboration equation.22 GFR was calculated to
identify CKD, kidney failure, and GFR decreases of more
than 20% from baseline. Patients were assessed for AEs
after treatment and during follow-up visits.
Dose metrics, adverse events, and statistical
analyses

The volume of kidney tissue exposed to more than 16
Gy of radiation was recorded (200 cm3 has been reported
as being critical to maintain basal kidney function).23

Additionally, the dose delivered to nearby critical struc-
tures such as the liver, small bowel, and spinal cord was
assessed to limit potential toxicity.24 AEs were scored
using CTCAE (Common Terminology Criteria for
Adverse Events), version 4.03. KaplaneMeier estima-
tions with log-rank tests were performed, and confidence
intervals (a Z 5%) were generated. Wilcoxon signed-
rank tests were performed to assess change in tumor
volume and GFR.



Figure 2 (A) Proportional change in tumor volume. (B) Proportional change in glomerular filtration rate. (Mean � standard error; 1
year: n Z 18; 2 years: n Z 15; last follow-up: n Z 21).
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Results

Nineteen RCC and 2 transitional cell carcinoma le-
sions received SBRT. The median follow-up was 78
months (range, 2-110 months). At 5 years posttreatment,
the local tumor control rate was 100%. According to
RECIST criteria, complete response, partial response, and
stable disease were obtained in 5, 13, and 3 patients,
respectively, at last follow-up. Tumor volume decreased
by a median value of 5.3% (range, e17.6%-100%) at 1
year post treatment, 15.6% (range, e17.6%-100%) at 2
years post treatment, and 48.8% (range, 0%-100%) at last
follow-up (P < .001) (Fig 2). The median values of the
mean doses to the ipsilateral and contralateral kidneys
were 10.6 Gy and 0.9 Gy, respectively. The median
volume receiving >16 Gy of radiation (V16 Gy) was 18.8
cm3 for the ipsilateral kidney and 0.0 cm3 for the
Figure 3 CKD stage of patients. Three patients who had no CKD de
developed severe CKD by last follow-up. Moderate CKD indicates sta
Red: last follow-up. Abbreviation: CKD Z chronic kidney disease.
contralateral kidney. GFR decreased by a median value of
1.5% (range, e21.3% to 21.4%) at 1 year, 7.0% (range,
e13.6% to 28.9%) at 2 years, and 7.1% (range, e31.7%
to 51.4%) at last follow-up (Fig 3). The change in GFR
posttreatment was not significant (P Z .12). After treat-
ment, 3 patients who did not previously have CKD
developed moderate CKD, and 3 who had moderate CKD
developed severe CKD.

Three patients died of intercurrent disease at 3, 22, and
93 months posttreatment. There were no local or distant
disease progressions. Median progression-free and overall
survival were not obtained by the end of the study (Fig 4).
Changes in GFR and tumor volume were reported for all
patients (Table 2).

Two patients experienced grade 1 back pain; 1 expe-
rienced grade 1 constipation, likely from Vicodin; and 1
experienced grade 1 nausea during treatments that
immediately subsided afterward. No other treatment-
veloped moderate CKD, and 3 patients who had moderate CKD
ge 3A or 3B. Severe CKD indicates stage 4. Blue: pretreatment.



Figure 4 (A) KaplaneMeier analysis of overall survival after stereotactic body radiation therapy. (B) KaplaneMeier analysis of
progression-free survival after stereotactic body radiation therapy. Time: months. Median not yet attained. Confidence interval shown in
gray and found using log-ranked regression.
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related AEs were reported. Posttreatment, no patients
required dialysis. One patient with a 7.7-cm tumor un-
derwent a nephrectomy out of concern for poor response
at 2 years post-SBRT. The final pathology of the ne-
phrectomy specimen only demonstrated necrotic tissue.
There were no SBRT-associated deaths or serious
complications.
Discussion

Surgery remains the standard of care for localized
RCC, yet many patients are inoperable owing to medical
comorbidities or advanced age. Radical and even partial
nephrectomy may cause some patients to need chronic
hemodialysis, which worsens quality of life and leads to
lower overall survival.24,25 To these patients, ablative
therapies, including SBRT, can be offered. SBRT is being
increasingly used and demonstrates high local control
rates throughout the body, including in the lung, liver, and
prostate. RCC has long been considered a “radioresistant”
histology when treated with a conventional fractionated
course radiation therapy. Radiosurgical ablation of RCC
metastases has demonstrated excellent efficacy with high
local control rates.

The treatment of primary renal tumors with SBRT is
not well defined, but early data have been encouraging.
Walsh et al have reported results demonstrating that high-
dose radiation therapy delivered using a hypofractionated
schedule results in RCC cell kill. A total of 19 nude mice
were injected with A498 RCC cell lines into the R flank,
and then 12 of the mice were treated with 48 Gy in 3
fractions and the 7 remaining mice served as controls. At
7 weeks post-RT, inverstigators noted a 30% tumor vol-
ume reduction in the irradiated mice and a demonstrative
increase in the control mice. At 4 weeks posttreatment,
histologic assessment of 4 tumor specimens in the treated
mice showed no active mitoses, compared with 9 to 14
mitoses and high-powered fields in 6 sacrificed control
mice.26 Ponsky et al reported their preclinical data using
the CyberKnife radiosurgical system delivering a single
SBRT fraction up to 48 Gy on the kidneys of pigs.
Evaluation at 8 weeks post treatment demonstrated com-
plete tissue ablation of the treated region with sparing of
adjacent renal parenchyma but no histologic evidence of
damage.27

SBRT applicability for lung, liver, and prostate cancer
is well established; however, its role in treating primary
RCC is limited to nonrandomized data. In a recent multi-
institutional pooled analysis conducted by the Interna-
tional Radiosurgery Oncology Consortium for Kidney,
223 patients were treated with SBRT targeting primary
RCC. They reported a local control rate of 98% at 2 years
with a CTCAE �grade 3 toxicity rate of 1.3%.28 Kaplan
et al reported results of a phase 1 dose-escalation SBRT
hypofractionated study in which 12 medically inoperable
patients were treated for renal tumors using CyberKnife
with doses ranging from 21 to 39 Gy in 3 fractions. The
toxicity profile was favorable, with no RTOG grade 1 or
higher toxicity and stability of baseline renal function.
Only 1 local recurrence was observed in the study, in the
patient who received the lowest dose, 21 Gy.29

Siva et al performed a systematic review of the liter-
ature and identified a total of 10 publications (7 retro-
spective and 3 prospective) using a wide range of
techniques, doses, and dose fractionation schedules to
treat inoperable RCC. A total of 126 patients were treated
across these studies, with the largest series containing 33
patients. Total dose and fractionation in these trials was
variable, with the most commonly employed fractionation



Ta
bl
e
2

In
di
vi
du

al
pa
tie
nt

ch
ar
ac
te
ri
st
ic
s

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

17
18

19
20

21

A
ge

at
S
B
R
T
,
y

73
83

60
58

81
81

80
60

69
65

59
60

79
63

73
71

88
77

66
69

76
In
iti
al

tu
m
or

vo
lu
m
e,

cm
3

14
32

18
5

3.
1

34
31

29
13

18
12

21
4.
7

19
8.
6

2.
1

4.
2

7.
0

29
10

31
12

In
iti
al

G
F
R
,

m
L
/m

in
89

69
99

71
33

51
53

81
43

84
76

81
74

60
70

95
52

53
81

51
46

T
um

or
re
sp
on

se
,
cm

3
e
8.
0

e
8.
0

e
18

5
e
3.
1

X
e
19

e
13

e
6.
7

e
8.
0

e
4.
6

e
13

0.
0

e
15

e
8.
6

e
2.
0

e
1.
3

e
2.
2

e
12

e
10

e
14

e
4.
2

D
G
F
R
,
m
L
/m

in
e
9.
7

e
1

e
33

þ3
e
4

e
26

e
13

þ1
8

e
19

e
6

þ1
6

e
2

e
27

þ1
9

þ1
3

e
40

e
13

þ2
e
27

0
þ7

F
ol
lo
w
-u
p,

m
o

89
22

11
0

78
2

67
85

65
84

10
6

10
4

92
80

10
8

10
9

44
12

12
6

3
3

A
bb

re
vi
at
io
ns
:
G
F
R
Z

gl
om

er
ul
ar

fi
ltr
at
io
n
ra
te
;
S
B
R
T
Z

st
er
eo
ta
ct
ic

bo
dy

ra
di
at
io
n
th
er
ap
y.

Advances in Radiation Oncology: MarcheApril 2020 SBRT for primary renal cell carcinoma 209
schedule being 40 Gy delivered over 5 fractions. Median
and mean follow-up ranged from 9 to 57.5 months. Local
control was reported at 93.91% (range, 84%-100%). The
rate of severe grade 3 or higher adverse events was 3.8%
(range, 0%-19%). The rate of grade 1 to 2 minor adverse
events was 21.4% (range, 0%-93%).30

After publication of this systematic review, Pham,
Staehler, and Grubb reported on prospective studies.
Pham et al published a phase 1 trial of SBRT for primary
inoperable renal cell carcinoma with 20 patients. Eleven
underwent fractionated treatment and 9 received a single
fraction. A dose of 42 Gy in 3 fractions was used on
tumors >5 cm, and for tumors <5 cm, 26 Gy in 1 fraction
was delivered. Minimal short-term toxicity was seen, with
12 of 20 patients (60%) experiencing <grade 2 toxicity
and nausea, chest wall pain, and fatigue, which are the
most common toxicities reported. Eight of 20 patients
(40%) were asymptomatic.31 A second prospective case-
control study of 40 patients undergoing single-fraction
stereotactic radiosurgery was reported by Staehler et al.
A total of 45 renal tumors were treated with a median
follow-up of 28 months. The reported crude local control
rate was 87%, and 5-year overall survival was 80%. There
was a measurable size reduction in 38 lesions, including
complete remission in 19.32 Grubb et al reported on a
phase 2 dose-escalation study for poor surgical candidates
with localized RCC, demonstrating no dose-limiting
toxicity from SBRT when it was administered to a total
dose of 60 Gy in 3 fractions.33

Most recently, a prospective phase 1 dose-escalation
trial of SBRT as an alternative to cytoreductive ne-
phrectomy for inoperable patients with metastatic RCC on
12 patients with intermediate (67%) or poor (25%) In-
ternational Metastatic Renal Cell Carcinoma Database
Consortium prognostic class was reported. These patients
had a median KPS of 70% and a median tumor size of 8.7
cm (range, 4.8-13.8 cm). They were enrolled in succes-
sive dose cohorts of 25 (n Z 3), 30 (n Z 6), and 35 Gy
(n Z 3) in 5 fractions. They concluded that renal-ablative
SBRT to 35 Gy in 5 fractions for inoperable mRCC pa-
tients yielded acceptable toxicity, renal function preser-
vation, and stable quality of life.34 Also, a recent
systematic review of the literature on SBRT for primary
RCC along with a meta-analysis evaluating local control,
toxicity, and renal function was published. The analysis
included 383 tumors in 372 patients, most of whom were
deemed inoperable. RCC histology was confirmed in
78.9% of patients. Dose fractionations of 26 Gray in 1
fraction and 40 Gy in 5 fractions were most commonly
used. Local control of 97.2% (95% confidence interval
[CI], 93.9%-99.5%), grade 3 to 4 toxicity of 1.5%
(95% CI, 0%-4.3%), and a post-SBRT estimated
glomerular filtration rate change of e7.7 mL/min (95%
CI, e12.5 to e2.8) were reported. Only 6 patients had
preexisting renal dysfunction, and 2.9% required
dialysis.35
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The strength of this analysis is that our SBRT expe-
rience provides data with some of the longest follow-up
available for the definitive radiotherapeutic management
of primary RCC. We demonstrate excellent local control
rates, safety, and efficacy consistent with the available
literature. Another strength of our series is the use of a
consistent technique and dose. Limitations of this study
include its retrospective nature and the small study group
size. The retrospective nature is subject to potential tem-
poral relationships, which are difficult to assess. The
small study population limits the ability to perform any
detailed statistical analysis.
Conclusions

SBRT is a promising noninvasive treatment in the
management of primary RCC, with evolving clinical ev-
idence demonstrating encouraging results. SBRT offers
several distinct advantages in the management of primary
kidney cancers over other modalities, including lack of
anatomic restrictions, short duration of treatment, favor-
able toxicity profile, no required convalescence, and
noninvasiveness. Given the paucity of outcomes data,
prospective trials of SBRT specifically evaluating quality
of life and cost-effectiveness compared with other mo-
dalities are needed.
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