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Editorial on the Research Topic

Novel Applications of Stereotactic Body Radiotherapy (SBRT)

The use of stereotactic body radiotherapy (SBRT) or stereotactic ablative radiotherapy (SABR) has
undergone a surge in enthusiasm around the world fueled by an improved understanding of the
radiobiology of high-fractional dose radiotherapy, technology development and increased
availability of high-precision delivery platforms, and the dissemination of published literature
through retrospective and prospective studies. Our current knowledge of SBRT/SABR has not only
expanded the use of this treatment approach in the historical and classic scenarios of brain and
spine SBRT/SABR and lung SBRT/SABR, but also led to new frontiers of clinical applications. In
this context, several recent studies were published within a special Research Topic specifically
focused on novel and unique applications of SBRT/SABR.

Greve et al. published a large retrospective analysis of patients treated with stereotactic
radiosurgery (SRS) for arteriovenous malformations with CT and MRI-based planning
approaches and without stereotactically-defined digital subtraction angiography over a 14-year
period. In total, this series evaluated the outcomes of 215 patients (53% treated with SRS as a first-
line treatment and 55% classified as Spetzler-Martin grade I-III) treated to a median dose of 18 Gy in
1 fraction to a median target volume of 2.4 cm3. Approximately 47% demonstrated complete
obliteration of the arteriovenous malformation, consistent with that observed in other series using
different treatment platforms, and supporting the use of this approach.

Although spine SRS/SBRT has been established as an effective treatment in the upfront
management of patients with spinal metastasis, Ehret et al. expand the evidence for treatment of
recurrent spine metastasis treated with SRS. In their study of 53 patients (initial treatment 36 Gy in
15 fractions treated to a median dose of 18 Gy in 1 fraction), the local control rate was 77% (Ehret
et al.). Furthermore expanding indications from metastatic sites to intramedullary lesions, Ehret
et al. report on 12 patients with WHO II/III spinal ependymomas treated to a median dose of 15 Gy
in 1 fraction with a local control rate of 84%. Together, these series support the role of spine SRS in
patients with extramedullary and intramedullary tumors.

Liu et al. reported on patients with hepatocellular carcinoma, and although radiotherapy was not
a particular focus of their study, demonstrate potential avenues for evidence development by
guiding patient selection for adjuvant treatment. They report on a series of 244 patients with
September 2021 | Volume 11 | Article 76007815
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hepatocellular carcinoma treated with narrow-margin (<1 cm
margin) or wide-margin (≥1 cm margin) resections (Liu et al.).
In total, post-operative recurrence was observed in 53% of
patients and not only was the risk of recurrence higher in
those treated with narrow-margin resections, the pattern of
recurrence was also different, with modest rates of marginal
recurrence (21 vs. 5%). These recurrence patterns were also
hypothesized to affect survival as those patients treated with
narrow margins also had reduced overall survival. Interestingly,
post-operative SBRT for patients with positive margins yielded
no marginal recurrences. In addition, Jiang et al. evaluated the
safety and efficacy of transarterial chemoembolization (TACE)
and SBRT for Barcelona Clinic Liver Cancer (BCLC) stage B
hepatocellular carcinoma. In their series, 57 patients were treated
to a dose of 20-50 Gy in 3-5 fractions; at a median follow-up of
42 months, the objective response rate was 86% and the disease
control rate was 97%. These results will help inform the clinical
practice of SBRT with consideration of post-operative SBRT in
patients at high-risk for local recurrence after surgery as well as
definitive treatment for those patients too high-risk for
invasive interventions.

SBRT for prostate cancer is now endorsed by national and
international treatment guidelines and Aghdam et al. describe
the demographic characteristics of patients treated with SBRT
over a 10-year period. Interestingly, in their analysis of 1,035
patients treated with prostate SBRT, travel distance did not
adversely affect use in African Americans, elderly patients, or
those from rural locations, supporting the broad adoption and
utilization of this treatment approach. Ultimately, the
convenience of SBRT over conventionally-fractionated
regimens allows for improved patient access to care.

The use of SBRT/SABR for patients with oligometastatic or
oligoprogressive disease is an area of intense study and recent
reports have supported the cost-effectiveness of this treatment
strategy (Mehrens et al.). Even in patients with pancreatic cancer
with liver-only oligometastatic disease, SBRT in addition to
chemotherapy appears safe and effective (Ji et al.). Yet,
treatment of lymph nodes with stereotactic radiotherapy
remains an understudied area. Burkon et al. reported on a
retrospective analysis of 90 patients treated with SBRT to
Frontiers in Oncology | www.frontiersin.org 26
lymph nodes in the mediastinum, retroperitoneum, or pelvis.
The local control rate was modest at 69% at 3 years and the
median freedom from widespread dissemination was 14.6
months. Additional studies will evaluate the patterns of failure,
optimal dose and fractionation schedule, and patient selection
criteria for this treatment approach.

As we look towards the future of SBRT/SABR, the
introduction of innovative radiotherapy delivery approaches
represents a relatively nascent area of study. Feasibility studies
have begun to demonstrate the potential of particle therapy
delivery techniques, such as Spot-Scanning Proton Arcs (Liu
et al.), and future trials will incorporate these novel technologies
with increasing clinical indications.
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Narrow-Margin Hepatectomy
Resulted in Higher Recurrence and
Lower Overall Survival for R0
Resection Hepatocellular Carcinoma
Lihong Liu1†, Yongjie Shui1†, Qianqian Yu1, Yinglu Guo1, Lili Zhang1, Xiaofeng Zhou1,
Risheng Yu2, Jianying Lou3, Shumei Wei4* and Qichun Wei1*

1 Department of Radiation Oncology, Ministry of Education Key Laboratory of Cancer Prevention and Intervention, the
Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China, 2 Department of Radiology, the Second
Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China, 3 Department of Hepatobiliary Pancreatic
Surgery, the Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China, 4 Department of
Pathology, the Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China

Purpose: To evaluate the impact of resection margin on recurrence pattern and survival
for hepatocellular carcinoma (HCC) with narrow margin resection, with the aim to guide
postoperative treatment.

Materials and Methods: Two hundred forty HCC patients after curative hepatectomy
between 2014 and 2016 were reviewed retrospectively. The cases were divided into narrow-
margin (width of resection margin <1cm, n=106) and wide-margin (width of resection margin
≥1cm, n=134) groups based on the width of resection margin. Recurrence pattern,
recurrence-free survival (RFS), and overall survival (OS) were compared between the above
two groups. An additional cohort of nine cases with positive margin plus post-operative
stereotactic body radiotherapy (SBRT) was also analyzed for the recurrence pattern.

Results: Postoperative recurrence was found in 128 (53.3%) patients. The recurrence rate
was significantly higher in narrow-margin group than that in wide-margin group (P=0.001),
especially for the pattern of marginal recurrence (20.8 vs. 4.5%, P=0.003). The 1-, 2-, 3-year
RFS rates for the narrow-margin and wide-margin groups were 55.8, 43.9, 36.9, and 78.7,
67.9, 60.2%, respectively, with significant difference between the two groups (P<0.001).
Patients with narrow margin showed a tendency of decreased OS than those with wide
margin (P<0.001). As comparison, the nine cases with positive margin treated with
postoperative SBRT showed low recurrence rate and no marginal recurrence was found.

Conclusion: Patients with narrow resection margin were associated with higher
recurrence rate and worse survival than those with wide resection margin. These
patients may benefit from adjuvant local treatment, such as radiotherapy.

Keywords: hepatocellular carcinoma, surgical margin, patterns of recurrence, prognosis, postoperative radiotherapy
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Liu et al. Patterns of Recurrence for HCC
INTRODUCTION

Hepatocellular carcinoma (HCC) is the seventh prevalent
malignancy worldwide (1). In China, HCC is the fourth
common cancer and the third leading cause of cancer-related
mortality (2). Although surgical excision is considered the
standard treatment for resectable HCC (3), a high rate of
postoperative recurrence was observed after partial hepatectomy,
with a marginal recurrence rate up to 30% (4–6). Multiple factors are
correlated to high postoperative recurrence, including tumor size,
number, microvascular invasion (MVI), tumor capsule invasion, and
resection margin status (5, 7–10).

Among these factors, resection margin has been widely
evaluated for its effect on the long-term outcomes after
resection, however, the conclusion remains controversial. A
few studies have shown that an adequate resection margin is
indispensable for long-term survival (11–14), but others found
that a narrow resection margin does not detract from long-term
outcomes (8, 9, 15). It is generally accepted that both surgical
curability and postoperative hepatic function preservation are
crucial for the successful treatment of patients with HCC. For
instance, irregular hepatectomy or meso-hepatectomy were often
recommended for centrally located HCCs, especially for those
adjacent to the first or second porta hepatis systems (16, 17), but
the resection margin is generally less than 1cm in order to meet
the criteria both for cure and preservation of the adjacent major
vessels simultaneously (18, 19). Therefore, a better understanding
of the impact of width of resection margin on recurrence and
survival helps to tailor adjuvant therapy against recurrence to
improve long-term oncological outcomes.

In this study, based on a retrospectively collected database, we
conducted a detailed analysis to reveal the effect of margin width
on recurrence pattern and survival outcomes after hepatectomy,
in HCC with narrow resection margin. If the rate of marginal
recurrence is high, a postoperative local treatment such as
radiotherapy might be useful to improve local control.
MATERIALS AND METHODS

Patients
A total of 240 HCC patients in the Second Affiliated Hospital,
Zhejiang University School of Medicine (SAHZU) who
underwent hepatectomy between April 2014 to December 2016
were enrolled in this study based on the following inclusion
criteria: 1) HCC confirmed by postoperative histology. 2)
without neoadjuvant treatment before the first hepatectomy. 3)
a complete removal of tumor confirmed by postoperative
pathology. 4) Child-Pugh class A5, A6, or B7. 5) Eastern
Cooperative Oncology Group performance status 0 or 1. 6)
Abbreviations: CI, confidence interval; GTV, gross target volume; HCC,
hepatocellular carcinoma; HR, hazard ratio; IMRT, intensity modulated
radiotherapy; ITV, internal target volume; MVI, microvascular invasion; OAR,
organs at risk; OS, overall survival; PTV, planning target volume; RFS, recurrence-
free survival; RILD, radiation induced liver disease; SBRT, stereotactic body
radiotherapy; TACE, transcatheter arterial chemoembolization.
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with postoperative imaging follow-up of more than 2 months.
Those with distant metastasis and second primary tumor were
excluded. The clinical information and follow-up data were
collected from the electrical records. The tumor differentiation
was graded according to the Edmondson and Steiner grading
system (20). The MVI status was graded by the guidelines for the
pathological diagnosis of primary liver cancer: 2015 update (21).
Tumor staging was assessed according to the 8th edition of
guidelines of the American Joint Committee on Cancer
(AJCC) (22). Tumor capsule invasion were judged by
preoperative imaging. Tumor with smooth peripheral rim was
defined as presence of capsule, while tumor with irregular or
indistinct borders were defined as absence of capsule (23). This
study was approved by Institutional Review Board of
SAHZU (2020774).

Surgical Procedure
Surgical margin was defined as the shortest distance from the
edge of the tumor to the surface of liver transection (24). The
cases were divided into narrow-margin (width of resection
margin <1cm, n=106) and wide-margin (width of resection
margin ≥1cm, n=134) groups. Resection of the liver equal to or
larger than two Couinaud’s segments was considered major liver
resection, and a resection smaller than this was considered minor
resection. R0 resection was defined as no cancer cell was found
on the surgical margin under microscope. Preoperative and
postoperative imaging (contrast-enhanced MRI or CT scans)
were used to assess the size and location of tumor, and width of
resection margin.

Recurrence
After curative R0 resection, patients were followed up in our hospital
everymonth for 3 times, then every 3months during the first 2 years
and every 6 months during the next 3 years. Biopsy for the recurrent
lesion was encouraged. Imaging evidence of tumor recurrence
(suspicious new findings and progression of disease documented
by serial imaging) was also accepted in patients who did not undergo
biopsy. The recurrence pattern and the date of initial disease relapse
was recorded when the first suspicious radiologic finding was
initially identified. In terms of location of recurrence, two major
categories were divided: intrahepatic recurrence and extrahepatic
recurrence. Intrahepatic recurrence was subdivided into three
patterns: 1) marginal recurrence, 2) intrahepatic single-nodule
recurrence, 3) intrahepatic multiple-nodule recurrence. Marginal
recurrence was defined as intrahepatic recurrence located less than
1 cm from the resection margin, regardless of any simultaneous
recurrence in the distant liver remnant or extrahepatic sites.

Positive Margin Cases with Postoperative
Stereotactic Body Radiotherapy
Postoperative radiotherapy such as stereotactic body
radiotherapy (SBRT) is not recommended for HCC with wide
resection margin and its role in patients with narrow margin
resection remains controversial. In our institution, postoperative
SBRT is not introduced for HCC with R0 resection, therefore,
there are not relevant data to demonstrate the significance of
adjuvant SBRT in HCC patients with narrow resection margin.
January 2021 | Volume 10 | Article 610636
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However, for patients with positive margin, adjuvant SBRT was
used as an optional treatment for residual lesions following
hepatectomy, if the patients possess appropriate performance
status (ECOG 0-2) and enough liver function reserve. We
compared the difference in recurrence pattern between positive
margin HCC who received SBRT and those with R0 resection
alone, with the aim to evaluate the role of SBRT in local control.

The tumor bed was marked by surgical clips for patients with
positive margin during operation. The gross target volume
(GTV) was defined as tumor residual and the tumor bed. The
full extent of fluid cavity was not included intentionally. The
internal target volume (ITV) was defined as the volumetric sum
of GTVs in the multiple phases. The planning target volume
(PTV) included ITV with 0.5 cm margin and was adjusted
manually to minimize overlapping the gastrointestinal tract
when needed. The other radiation treatment details, including
dose-volume constrains to organs at risk (OAR), respiratory
motion management, image guidance, and evaluation of
toxicities after SBRT were referred to our previous article by
Shui et al. (25).

Statistical Analysis
The data are presented as the mean ± standard deviation for
continuous variables. Comparisons between groups were
performed using the chi-square test (or the Fisher’s exact test) for
nominal variables, and the unpaired t test was used for continuous
variables. Overall survival (OS) and recurrence-free survival (RFS)
were evaluated by the Kaplan-Meier method and compared by the
log-rank test, respectively. OS was calculated from the date of first
radical hepatectomy to death for any cause. RFS was measured from
the date of first hepatectomy to first recurrence. The Cox regression
model was employed in univariate analyses. Surgical resection,
tumor number, size, and variables with p value <0.01 in the
univariable analyses were retained for the multivariable Cox
analysis. All statistical analyses were performed using IBM SPSS
Statistics forWindows (Version 23.0; IBMCorp., Armonk, NY) and
GraphPad Prism 8.0 software (GraphPad Software Inc., San Diego,
CA, USA). P<0.05 was considered statistically significant and
indicated by bold values.
RESULTS

Patients Characteristics
The follow-up ended on March 10, 2020. The median follow-up
time was 55.2 months [95% confidence interval (CI) 52.2–58.2
months]. Totally 240 patients were included in the final analysis.
Of which 106 were divided into the narrow-margin group, and
134 into the wide-margin group based on the width of resection.
The patients included 208 (86.7%) male and 32 (13.3%) female
cases with an average age of 57.3 (range 22–82) years old at first
operation. None of the patients received radiotherapy pre- or
post-operatively. A comparison of the baseline demographic and
clinicopathological characteristics showed that more patients
presented with higher ALT level (P=0.030), larger tumor size
(P=0.003), absence of tumor capsule (P=0.027), longer operative
time (P<0.001), larger operative blood loss (P=0.019), major liver
Frontiers in Oncology | www.frontiersin.org 39
resection (P<0.001), and more advanced pTNM stage (P=0.008)
in the narrow-margin group than that in the wide-margin group
(Table 1). In this analysis, TACE was administered to 57 patients
(57/240, 23.8%), with 29 (29/134, 21.6%) cases from the wide-
margin group, the other 28 (28/106, 26.4%) from narrow-margin
group. The patient distribution of receiving TACE were largely
comparable between the two groups. We further compared the
baseline and outcome characteristics of all 240 R0 resection
patients with or without postoperative transcatheter arterial
chemoembolization (TACE) (Supplementary Table 1). The
clinicopathological characteristics of patients receiving TACE
were comparable to those without receiving TACE.

Patterns of Recurrence
The median time to recurrence is 9.7 months. During the follow-
up periods, 128 patients (128/240, 53.3%) had documented tumor
recurrence, with 69 patients (69/106, 65.1%) were originally
resected with a narrow margin, 59 (59/134, 44.0%) with a wide
margin resection (P=0.001). The marginal recurrence rate was
20.8% (22/106) among patients in the narrow-margin group, and
the corresponding rate was 4.5% (6/134) in the wide-margin
group, with a significant difference between these two groups
(P=0.003). The intrahepatic single-nodule recurrence rate was
12.3% (13/106) in the narrow-margin group, and the
corresponding rate was 19.4% (26/134) in the wide-margin
group, with a significant difference between the two groups
(P=0.002). Intrahepatic multiple-nodule recurrences were found
in 50 patients. Among them, 34 (34/106, 32.1%) were from the
narrow-margin group, and 16 (11.9%) from the wide-margin
group, with a significant difference between them (P=0.010).
The recurrence patterns were summarized in Table 2 and
Figure 1, showing that the incidence of extrahepatic recurrence
was low, while marginal recurrence and intrahepatic remnant
recurrence were the main recurrence patterns.

Compared with patients with wide margin resection, those
with narrow margin resection had a higher rate of recurrence
within 12 months after surgery (narrow and wide: 43.4 vs. 20.9%,
P=0.028). More marginal recurrence occurred in narrow-margin
group than wide-margin group at different time points of the first
year after surgery (at 3 months: 6.6 vs. 0.0%; at 6 months: 10.4 vs.
0.7%; at 9 months: 12.3 vs. 2.2%; at 12 months: 14.2 vs. 2.2%).
Similar results were also found for intrahepatic multiple-nodule
recurrence (at 3 months: 9.4 vs. 3.0%; at 6 months: 18.9 vs. 4.5%;
at 9 months: 23.6 vs. 5.2%; at 12 months: 27.4 vs. 6.7%) (Table 2).

Recurrence-Free Survival
The 1-, 2-, 3-year RFS rates were 55.8, 43.9, 36.9% in the narrow-
margin group and 78.7, 67.9, 60.2% in the wide-margin group,
respectively (P<0.001; Figure 2A). In the multivariable analysis,
narrow margin was significantly associated with worse RFS [wide
vs. narrow, hazard ratio (HR) =0.608; 95% CI, 0.414–0.893,
P=0.011]. Other independent predictors include HBs Ag,
tumor capsule, MVI status, and extent of liver resection (Table
3). In the subgroup analysis based on MVI status (M0 vs. M1
+M2), patients with narrow margin resection correlated with
worse RFS, regardless of MVI status (Figure 3). Similar results
were also found in the subgroup analysis based on tumor size (≤
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5 cm vs. > 5 cm) (Figure 4). The 1-, 2-, 3-year RFS rates for
patients receiving TACE were 69.7, 51.8, 44.7%, respectively,
comparing to 68.9, 59.1, 51.7% accordingly in the no adjuvant
TACE group (Supplementary Figure 1).

Overall Survival
The 1-, 2-, 3-year OS rates were 83.5, 65.6, 60.6% in the narrow-
margin group, and 94.0, 89.5, 84.2% in the wide-margin group,
respectively (P<0.001; Figure 2B). In the multivariable analysis,
narrow margin was significantly associated with worse OS (wide
vs. narrow, HR=0.518; 95% CI, 0.308–0.871, P=0.013). Other
independent predictors include Child-Pugh class, ALT level, tumor
capsule, andMVI status (Table 4). In the subgroup analysis based on
MVI status (M0 vs. M1+M2) and tumor size (≤ 5 cm vs. > 5 cm),
patients with narrow margin resection correlated with worse OS,
regardless of MVI status (Figure 5) or tumor size (Figure 6). The 1-,
2-, 3-year OS rates for patients receiving TACE were 92.9, 89.3,
76.8%, respectively, comparing to 88.4, 75.9, 73.1% accordingly in the
no adjuvant TACE group (Supplementary Figure 1).

Patterns of Recurrence for Positive
Margin Cases With Postoperative
Stereotactic Body Radiotherapy
Finally, nine patients who underwent postoperative SBRT after
positive margin resection were included in this analysis. The
postoperative radiotherapy was given to a total dose of 35Gy/5F
to 50Gy/5F (median, 40Gy/5F). The median interval between
operation and initiation of postoperative SBRT was 51 days. The
incidence and pattern of recurrence have been detailed in Table 2.
TABLE 1 | Demographic and clinicopathological characteristics of wide-margin,
narrow-margin, and positive-margin plus stereotactic body radiotherapy (SBRT)
groups.

Variable Wide-margin
group

Narrow-
margin group

P-Value Positive-
margin plus

SBRT
(n = 134) (n = 106) (Wide vs.

narrow)
(n = 9)

Age
≤60 years old
>60 years old

87 (64.9%)
47 (35.1%)

61 (57.5%)
45 (42.5%)

0.243 6 (66.7%)
3 (33.3%)

Gender
Male
Female

113 (84.3%)
21 (15.7%)

95 (89.6%)
11 (10.4%)

0.231 8 (88.9%)
1 (11.1%)

HBs Ag
Positive
Negative

108 (80.6%)
26 (19.4%)

75 (70.8%)
31 (29.2%)

0.075 7 (77.8%)
2 (22.2%)

Cirrhosis
Yes
No

100 (74.6%)
34 (25.4%)

74 (69.8%)
32 (30.2%)

0.407 9 (100.0%)
0 (0.0%)

Alcohol
consumption
Yes
No

75 (56.0%)
59 (44.0%)

57 (53.8%)
49 (46.2%)

0.734 1 (11.1%)
8 (88.9%)

AFP
≤20 ng/ml
>20 ng/ml

64 (47.8%)
70 (52.2%)

39 (36.8%)
67 (63.2%)

0.088 5 (55.6%)
4 (44.4%)

ALT
≤40 U/L
>40 U/L

94 (70.1%)
40 (29.9%)

60 (56.6%)
46 (43.4%)

0.030 6 (66.7%)
3 (33.3%)

TBIL
≤17.1umol/L
>17.1umol/L

87 (64.9%)
47 (35.1%)

72 (67.9%)
34 (32.1%)

0.626 5 (55.6%)
4 (44.4%)

ALB
≤35 g/L
>35 g/L

11 (8.2%)
123 (91.8%)

11 (10.4%)
95 (89.6%)

0.563 1 (11.1%)
8 (88.9%)

PT%
<75
75-100
>100

0.189
9 (6.7%) 6 (5.7%) 1 (11.1%)

96 (71.6%) 66 (62.3%) 4 (44.4%)
29 (21.6%) 34 (32.1%) 4 (44.4%)

Child-Pugh
class
A5
A6
B7

0.377
123 (91.8%) 93 (87.7%) 8 (88.9%)
10 (7.5%) 10 (9.4%) 0 (0.0%)
1 (0.7%) 3 (2.8%) 1 (11.1%)

Tumor size
≤5 cm
>5 cm

89 (66.4%)
45 (33.6%)

50 (47.2%)
56 (52.8%)

0.003 5 (55.6%)
4 (44.4%)

No. of tumor
Single
Multiple

119 (88.8%)
15 (11.2%)

86 (81.1%)
20 (18.9%)

0.094 8 (88.9%)
1 (11.1%)

Edmondson
grades
I-II
III-IV

104 (77.6%)
30 (22.4%)

78 (73.6%)
28 (26.4%)

0.469 5 (55.6%)
4 (44.4%)

Tumor capsule
Present
Absent

115 (85.8%)
19 (14.2%)

79 (74.5%)
27 (25.5%)

0.027 3 (33.3%)
6 (66.7%)

MVI
classification

0.385

M0 77 (57.5%) 49 (46.2%) 2 (22.2%)
M1 37 (27.6%) 36 (34.0%) 4 (44.4%)
M2 17 (12.7%) 18 (17.0%) 3 (33.3%)

Unclear 3 (2.2%) 3 (2.8%) 0 (0.0%)

(Continued)
TABLE 1 | Continued

Variable Wide-margin
group

Narrow-
margin group

P-Value Positive-
margin plus

SBRT
(n = 134) (n = 106) (Wide vs.

narrow)
(n = 9)

Extent of
resection
Minor
Major

88 (65.7%)
46 (34.3%)

47 (44.3%)
59 (55.7%)

<0.001 3 (33.3%)
6 (66.7%)

Operative time 172.4 ± 72.0 224.9 ± 99.0 <0.001 276.5 ± 83.6
Operative blood
loss

276.2 ± 514.7 454.5 ± 608.7 0.019 210.0 ± 87.6

pTNM stage
I
II*
III
IVA

64 (47.8%)
52 (38.8%)
3 (2.2%)

15 (11.2%)

30 (28.3%)
48 (45.3%)
7 (6.6%)

21 (19.8%)

0.008 1 (11.1%)
7 (77.8%)
0 (0.0%)
1 (11.1%)

Postoperative
TACE
Yes
No

29 (21.6%)
105 (78.4%)

28 (26.4%)
78 (73.6%)

0.446 5 (55.6%)
4 (44.4%)
January 2021 |
 Volume 10 |
Values in parentheses are percentages and P<0.05 was indicated by bold values.
HBs Ag, hepatitis B surface antigen; AFP, alpha-fetoprotein; ALT, alanine
aminotransferase; TBIL, total bilirubin; ALB, albumin; PT, prothrombin time; MVI,
microvascular invasion; pTNM stage, pathologic TNM stage; TACE, transcatheter
arterial chemoembolization.
*5 cases that T stage (T1b or T2) was undefined because of unclear MVI status were
belonged in category of T2 stage.
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Median follow-up period is 15.1 (range 6.8–38.6) months.
During the follow-up periods, two patients (2/9, 22.2%) had
documented tumor recurrence, with one patient (1/9, 11.1%)
developed intrahepatic multiple-nodule recurrence at 7.9 months
after surgery, and the other case had intrahepatic single-nodule
recurrence far away from the resection margin at 7.5 months
post-operation.

Patients with positive margin resection plus SBRT or wide-
margin resection showed a significantly lower incidence of total
recurrence than that with narrow-margin resection (positive plus
SBRT vs. wide vs. narrow: 22.2 vs. 44.0 vs. 65.1%). Regarding the
Frontiers in Oncology | www.frontiersin.org 511
pattern of marginal recurrence, a large numerical difference was
found among the three groups. Patients with positive margin
resection plus SBRT or wide-margin resection experienced a
significantly lower rates of marginal recurrence than that with
narrow-margin resection (positive plus SBRT vs. wide vs. narrow:
0.0 vs. 4.5 vs. 20.8%). With regard to the pattern of intrahepatic
multiple-nodule recurrence, patients with positive margin
resection plus SBRT or wide-margin resection showed a
significantly lower rate of recurrence than that with narrow
margin resection (positive plus SBRT vs. wide vs. narrow: 11.1
vs. 11.9 vs. 32.1%).
A B

FIGURE 1 | Patterns of initial recurrence for hepatocellular carcinoma (HCC) patients in narrow-margin and wide-margin groups. Patterns of initial recurrence
stratified by marginal recurrence, intrahepatic remnant recurrence, and extrahepatic metastases. Values in parentheses are percentages. (A) Patterns of initial
recurrence in the narrow-margin group. (B) Patterns of initial recurrence in the wide-margin group.
TABLE 2 | Patterns of recurrence of the wide-margin, narrow-margin, and positive-margin plus stereotactic body radiotherapy (SBRT) groups.

Variable Wide-margin group Narrow-margin group P-Value Positive-margin plus SBRT
(N = 134) (N = 106) (Wide vs. Narrow) (N = 9)

Total recurrence 59 (44.0%) 69 (65.1%) 0.001 2 (22.2%)
Type of recurrence
Intrahepatic recurrence 54 (40.3%) 67 (63.2%) 0.321 2 (22.2%)
Extrahepatic recurrence 7 (5.2%) 10 (9.4%) 0.662 0 (0.0%)

Sites of intrahepatic recurrence
Marginal recurrence 6 (4.5%) 22 (20.8%) 0.003 0 (0.0%)
Intrahepatic single-nodule 26 (19.4%) 13 (12.3%) 0.002 1 (11.1%)
Intrahepatic multiple-nodule 16 (11.9%) 34 (32.1%)* 0.010 1 (11.1%)
Unclear 6 (4.5%) 5 (4.7%) 0.556 0 (0.0%)

Time to recurrence
Total recurrence
~ 3 months (include 3) 11 (8.2%) 16 (15.1%) 0.530 0 (0.0%)
3~6 months 15 (11.2%) 30 (28.3%) 0.033 0 (0.0%)
6~9 months 20 (14.9%) 41 (38.7%) 0.004 2 (22.2%)
9~12 months 28 (20.9%) 46 (43.4%) 0.028 0 (0.0%)
Marginal recurrence
~ 3 months (include 3) 7 (6.6%) 0 (0.0%) 0.022 0 (0.0%)
3~6 months 11 (10.4%) 1 (0.7%) 0.074 0 (0.0%)
6~9 months 13 (12.3%) 3 (2.2%) 0.164 0 (0.0%)
9~12 months 15 (14.2%) 3 (2.2%) 0.033 0 (0.0%)
Intrahepatic multiple-nodule
~ 3 months (include 3) 10 (9.4%) 4 (3.0%) 0.252 0 (0.0%)
3~6 months 20 (18.9%) 6 (4.5%) 0.088 0 (0.0%)
6~9 months 25 (23.6%) 7 (5.2%) 0.057 1 (11.1%)
9~12 months 29 (27.4%) 9 (6.7%) 0.010 1 (11.1%)
January 2021
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The time interval to recurrence significantly differed among the
three groups. Compared with patients with positive margin plus SBRT
and with wide margin resection, those with narrow margin resection
had a higher rate of recurrence within 12months after surgery (positive
plus SBRT vs. wide vs. narrow: 22.2 vs. 20.9 vs. 43.4%).
Frontiers in Oncology | www.frontiersin.org 612
The toxicity associated with postoperative SBRT is
summarized in Table 5. Grade 1 myeloid suppression was the
most common toxicity encountered during SBRT, followed by
grade 1 liver enzyme (44.4%) and bilirubin (33.3%) elevation.
One (11.1%) patient combined cirrhosis history experienced
TABLE 3 | Prognostic factors of recurrence-free-survival (RFS) for patients with narrow and wide margin resection.

Variable Univariate analysis Multivariate analysis

HR (95% CI) P-Value HR (95% CI) P-Value

Surgical margin (narrow/wide) 0.504 (0.356–0.715) <0.001 0.608 (0.414–0.893) 0.011
Age (≤60/>60 years old) 0.850 (0.593–1.217) 0.374
Gender (male/female) 0.724 (0.416–1.261) 0.254
HBs Ag (negative/positive) 1.917 (1.200–3.062) 0.006 2.159 (1.302–3.580) 0.003
Cirrhosis (no/yes) 1.070 (0.726–1.579) 0.732
Alcohol consumption (no/yes) 1.012 (0.714–1.435) 0.946
AFP (≤20/>20ng/ml) 1.640 (1.144–2.351) 0.007 1.413 (0.968–2.063) 0.073
ALT (≤40/>40U/L) 1.904 (1.341–2.702) <0.001 1.422 (0.973–2.076) 0.069
Child-Pugh class 0.166

A5 Reference
A6 0.876 (0.444–1.725) 0.701
A7 2.970 (0.930–9.481) 0.066

Tumor size (≤5/>5cm) 1.185 (0.835–1.683) 0.341 0.845 (0.570–1.253) 0.402
No. of tumor (single/multiple) 2.330 (1.535–3.536) <0.001 1.281 (0.757–2.167) 0.356
Edmondson grades (I–II/III–IV) 1.287 (0.872–1.900) 0.204
Tumor capsule (absent/present) 0.394 (0.267–0.581) <0.001 0.447 (0.290–0.691) <0.001
MVI classification <0.001 0.003
M0 Reference Reference
M1 1.800 (1.214–2.671) 0.003 1.138 (0.693–1.868) 0.611
M2 3.364 (2.102–5.381) <0.001 2.394 (1.382–4.147) 0.002

Unclear 0.336 (0.047–2.429) 0.280 0.233 (0.031–1.763) 0.158
Extent of liver resection (minor/major) 2.005 (1.415–2.841) <0.001 1.586 (1.070–2.351) 0.022
pTNM stage <0.001 0.560
I Reference Reference
II 2.451 (1.611–3.729) <0.001 1.487 (0.862–2.565) 0.154
III 4.978 (2.378–10.420) <0.001 1.475 (0.510–4.264) 0.473
IVA 2.52 3(1.485–4.288) 0.001 1.326 (0.691–2.547) 0.396

Postoperative TACE (no/yes) 1.139 (0.769–1.686) 0.517
January 2021 | Volume 10 | Articl
Surgical resection, tumor number, tumor size, and variables with p value <0.01 in the univariable Cox analyses were retained for the multivariable Cox analysis. The foreparts of the
parentheses were set as the reference groups in the univariable and multivariable Cox analysis.
HBs Ag, hepatitis B surface antigen; AFP, alpha-fetoprotein; ALT, alanine aminotransferase; MVI, microvascular invasion; pTNM stage, pathologic TNM stage; TACE, transcatheter arterial
chemoembolization. P < 0.05 was indicated by bold values.
A B

FIGURE 2 | Recurrence-free survival (RFS) and overall survival (OS) of the narrow-margin and wide-margin groups. (A) Recurrence-free survival for patients with
narrow and wide margin resection. (B) Overall survival for patients with narrow and wide margin resection.
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grade 2 thrombocytopenia. No grade 3 and 4 toxicities were seen.
No radiation induced liver disease was encountered.
DISCUSSION

This study analyzed the association of surgical margin with
recurrence pattern. Higher rate of recurrence (especially the
pattern of marginal recurrence) and lower overall survival were
found in HCC with narrow margin resection compared to that
with wide margin resection. The addition of SBRT to patients
with positive surgical margin reduced the recurrences,
particularly the pattern of marginal recurrence. Our findings
implicate the potential feasibility of postoperative SBRT for
patients with narrow margin resection.

Narrow margin resection may be the most appropriate
procedure for HCC adjacent to major vessels because the
premise for survival is the conservation of more normal liver
parenchyma (17). Unfortunately, narrow margin resection has
been reported to contribute to poor survival outcomes due to the
high frequency of recurrence and the clinical significance
Frontiers in Oncology | www.frontiersin.org 713
remains controversial (9, 11, 26–29). Shi et al. investigated the
influence of the width of resection margin on postoperative
recurrence and found that narrow margin group had
significantly higher rate of recurrence than wide margin group
(52.4 vs. 36.5%, P=0.037), and wide margin resection
efficaciously decrease recurrence and improve survival (11).
Chau et al. also showed a similar results (narrow and wide:
61.3 vs. 36.5%) (29). However, Poon et al. reported that the width
of margin did not influence the postoperative recurrence rates
(narrow and wide: 64.0 vs. 59.4%, P=0.943) (9). It is worth noting
that these controversial results might be due to the heterogeneity
of tumor characteristics and surgery procedures, such as
cirrhosis (Shi’s and Poon’s: 80.5 vs. 46.2%), resection extent ≥3
segments (Shi’s and Poon’s: 10.1 vs. 65.3%), and preoperative
transfusion (Shi’s and Poon’s: 26.6 vs. 58.0%). Our results were
consistent with the former, showing that HCC patients with
narrow margin resection had higher rate of recurrence compared
to those with wide margin resection (P=0.001), and multivariable
analysis showed that narrow margin was significantly associated
with worse RFS and OS, indicating that narrow margin resection
alone is insufficient for tumor eradication and adjuvant therapy
A B

FIGURE 4 | Recurrence-free survival (RFS) of the narrow-margin and wide-margin groups stratified based on tumor size. (A) Recurrence-free survival in the
subgroup of tumor size ≤ 5 cm. (B) Recurrence-free survival in the subgroup of tumor size > 5 cm.
A B

FIGURE 3 | Recurrence-free survival (RFS) of the narrow-margin and wide-margin groups stratified based on microvascular invasion (MVI) status. (A) Recurrence-
free survival in the subgroup of M0. (B) Recurrence-free survival in the subgroup of M1+M2.
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is imperative to reduce the risk of recurrence. Identifying the
failure patterns help to further guide appropriate management of
postoperative therapy.

In our study, the intrahepatic recurrence patterns were defined
as marginal, intrahepatic single-nodule and multiple-nodule
Frontiers in Oncology | www.frontiersin.org 814
recurrences. We found that patients with narrow margin resection
experienced a higher marginal recurrence, as well as intrahepatic
multiple nodules recurrence. The findings were consistent with
previous reports (11, 29). For example, in the study conducted by
Shi et al. all marginal recurrences were observed in narrow margin
A B

FIGURE 5 | Overall survival (OS) of the narrow-margin and wide-margin groups stratified based on MVI status. (A) Overall survival in the subgroup of M0. (B) Overall
survival in the subgroup of M1+M2.
TABLE 4 | Prognostic factors of overall survival (OS) for patients with narrow and wide margin resection.

Variable Univariate analysis Multivariate analysis

HR (95% CI) P-Value HR (95% CI) P-Value

Surgical margin (narrow/wide) 0.366 (0.226–0.591) <0.001 0.518 (0.308–0.871) 0.013
Age (≤60/>60 years old) 0.960 (0.598–1.542) 0.866
Gender (male/female) 0.543 (0.235–1.252) 0.152
HBs Ag (negative/positive) 1.340 (0.747–2.402) 0.326
Cirrhosis (no/yes) 1.091 (0.646–1.843) 0.744
Alcohol consumption (no/yes) 0.923 (0.580–1.467) 0.734
AFP (≤20/>20ng/ml) 2.042 (1.237–3.374) 0.005 1.611 (0.949–2.735) 0.077
ALT (≤40/>40U/L) 2.374 (1.494–3.771) <0.001 1.941 (1.190–3.168) 0.008
Child-Pugh class <0.001 0.017

A5 Reference Reference
A6 1.966 (0.975–3.966) 0.059 1.898 (0.882–4.082) 0.101
A7 8.140 (2.911–22.760) <0.001 4.150 (1.355–12.708) 0.013

Tumor size (≤5/>5cm) 1.603 (1.010–2.545) 0.045 0.897 (0.531–1.514) 0.683
No. of tumor (single/multiple) 1.985 (1.138–3.462) 0.016 0.856 (0.414–1.771) 0.675
Edmondson grades (I–II/III–IV) 1.616 (0.984–2.654) 0.058 1.335 (0.765–2.332) 0.309
Tumor capsule (absent/present) 0.325 (0.201–0.527) <0.001 0.421 (0.244–0.725) 0.002
MVI classification <0.001 <0.001

M0 Reference Reference
M1 2.437 (1.373–4.325) 0.002 1.269 (0.633–2.544) 0.501
M2 7.194 (4.003–12.929) <0.001 5.031 (2.510–10.085) <0.001

Unclear 1.048 (0.141–7.784) 0.963 0.988 (0.123–7.929) 0.991
Extent of liver resection (minor/major) 2.440 (1.522–3.912) <0.001 1.437 (0.839–2.462) 0.187
pTNM stage <0.001 0.193
I Reference Reference
II 3.743 (1.955–7.167) <0.001 1.945 (0.874–4.326) 0.103
III 12.758 (5.000–32.555) <0.001 4.547 (1.117–18.499) 0.034
IVA 4.454 (2.081–9.529) <0.001 1.785 (0.722–4.416) 0.210

Postoperative TACE (no/yes) 0.921 (0.535–1.588) 0.768
January 2021 | Volume 10 | Articl
Surgical resection, tumor number, tumor size, and variables with p value <0.01 in the univariable Cox analyses were retained for the multivariable Cox analysis. The foreparts of the
parentheses were set as the reference groups in the univariable and multivariable Cox analysis.
HBs Ag, hepatitis B surface antigen; AFP, alpha-fetoprotein; ALT, alanine aminotransferase; MVI, microvascular invasion; pTNM stage, pathologic TNM stage; TACE, transcatheter arterial
chemoembolization. P < 0.05 was indicated by bold values.
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group and multinodular recurrence was also significantly higher
than that in wide margin group (P=0.018) (11). Taken together,
postoperative marginal recurrence for patients with narrow margin
seems to be common, about 21% of the narrow-margin HCC
patients recur within 1cm from the surgical margin in our study,
suggesting that adjuvant local therapy might improve the local-
regional control.

Higher intrahepatic multiple-nodule recurrences were also
seen in patients with narrow margin, and associated with higher
marginal recurrence. For multiple-nodule recurrences, it is
difficult to identify which lesion occurred first. According to
the previous study, micro-metastasis was commonly remnant
from resection margin within 1 cm, surgical margin recurrence
might occur first, then spread to the whole residual liver via
portal vein branches (4, 6, 30, 31). Therefore, we cautiously
speculate that marginal recurrence may be one of driver factors
of intrahepatic multiple recurrence, and multifocal recurrence
Frontiers in Oncology | www.frontiersin.org 915
might be prevented or mitigated if liver marginal recurrence
could be well controlled by adjuvant local therapy. However,
margin status alone is an insufficient explanation as to why
intrahepatic other regions yields recurrence located over 1 cm
from the area of resection, inherent imbalance in the tumor
characteristics, such as microvascular invasion status, were also
related to the recurrence pattern (32).

Our multivariate analysis showed that MVI were negatively
related to RFS and OS. Previous studies reached similar
conclusion that MVI was closely related to early recurrence
and dismal prognosis (27, 30, 33, 34). Additionally, absence of
tumor capsule was significantly correlated to poorer long-term
outcomes, which was in line with the previous studies (8, 35–38).
Therefore, adjuvant therapy may be useful for those with high
risk factors.

We also evaluated the influence of postoperative SBRT on the
incidence and pattern of recurrence. The rate of marginal and
TABLE 5 | Toxicity from stereotactic body radiotherapy (SBRT) in patients with positive margin.

Toxicity grade (CTCAE) 0 1 2 3 4

Myeloid suppression
Leukopenia 4 (44.4%) 5 (55.6%) 0 (0%) 0 (0%) 0 (0%)
Lymphopenia 8 (88.9%) 1 (11.1%) 0 (0%) 0 (0%) 0 ()%)
Thrombocytopenia 7 (77.8%) 1 (11.1%) 1 (11.1%) 0 (0%) 0 (0%)

Constitutional symptoms
Fatigue 7 (77.8%) 2 (22.2%) 0 (0%) 0 (0%) 0 (0%)
Fever (tympanic) 9 (100.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Insomnia 9 (100.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Abdominal pain 9 (100.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Gastrointestinal
Anorexia 9 (100.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Diarrhea 9 (100.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Constipation 9 (100.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Nausea 8 (88.9%) 1 (11.1%) 0 (0%) 0 (0%) 0 (0%)
Vomiting 8 (88.9%) 1 (11.1%) 0 (0%) 0 (0%) 0 (0%)

Metabolic/laboratory
Albumin 9 (100.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Liver transaminase (ALT or AST) 5 (55.6%) 4 (44.4%) 0 (0%) 0 (0%) 0 (0%)
Bilirubin 6 (66.7%) 3 (33.3%) 0 (0%) 0 (0%) 0 (0%)

Radiation induced liver disease (RILD) 9 (100.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
January 2021
 | Volume 10 | Article 6
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FIGURE 6 | Overall survival (OS) of the narrow-margin and wide-margin groups stratified based on tumor size. (A) Overall survival in the subgroup of tumor size ≤

5cm. (B) Overall survival in the subgroup of tumor size >5cm.
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multiple-nodule recurrences in the group of positive-margin plus
SBRT was comparable to that of wide-margin group, and better
than that of narrow-margin group, suggesting that the addition
of postoperative local radiotherapy could provide an improved
local control and mitigate the recurrence risk due to insufficient
surgical margin. In spite of the small number of cases, our data
does highlight the efficacy of postoperative SBRT in reducing the
recurrence risk for patients with positive margin, and
presumably a potential effect on narrow margin resection.

Considering the pattern of marginal recurrence itself occurs
frequently and it may, subsequently, induce the occurrence of
intrahepatic multiple-nodule in patients with narrow margin
resection, postoperative local radiotherapy may provide a
favorable outcome through its role of local-regional control. To
date, with the improvement of radiotherapy techniques, such as
intensity modulated radiotherapy (IMRT) and SBRT, a significantly
reduced radiation-induced toxicity and increased radiotolerance
of normal tissue were obtained (39, 40). A few prospective
studies have been carried out to demonstrate the feasibility and
advantages of adjuvant radiotherapy (32, 41, 42). For instance,
Wang et al. reported that the efficacy of receiving IMRT
following narrow margin resection was comparable to that of
wide margin hepatectomy and superior to those of narrow
margin resection alone, and none of the patients receiving IMRT
developed radiation-induced liver disease (42). Yu et al. revealed
that patients who underwent three-dimensional conformal
radiotherapy following narrow margin resection yielded
recurrence-free survival outcomes significantly superior to those
of narrow margin resection alone, in patients with HCCs smaller
than 5cm (41). Additionally, one clinical trial showed that for HCC
patients with MVI, adjuvant three-dimensional conformal or IMRT
could result in better survival outcomes than TACE or conservative
therapy following narrow margin hepatectomy, considering
radiotherapy could eliminate residual micro-metastasis-foci in the
remnant liver (32). However, there is a lack of exploration for the
efficacy of adjuvant SBRT. SBRT has shown encouraging rates of
local control for HCC (43). Compared with standard fractionation
radiation, SBRT can achieve more precise delivery of high-dose
radiation beams to the lesion, obtaining a much smaller target
volume. Meanwhile, it could be finished in a short period which can
bring more convenience to patients (25, 40). In our study, the total
recurrence rate in the patients with positive-margin plus SBRT (2/9,
22.2%) was satisfied, comparing by patients with negative-margin
resection alone (128/240, 53.3%). The marginal recurrence rate with
SBRT was relatively lower. Given these compelling results,
postoperative radiotherapy may represent an innovative strategy
to optimize the amelioration of tumor recurrence. A further large-
sample clinical data is warranted to demonstrate the benefits of
adjuvant radiotherapy in patients with narrow margin resection,
considering the small sample size of above-mentioned studies.

In summary, we found that HCC patients following narrow
margin hepatectomy had a higher recurrence rate and poorer
prognosis, with 20.8% patients developed marginal recurrence.
Postoperative SBRT treatment for patients with positive margin
showed low recurrence rate and no marginal recurrence was
found. There is a limitation of this study with small patient
Frontiers in Oncology | www.frontiersin.org 1016
samples received postoperative SBRT and short patient follow-
up. Therefore, high-quality multi-center prospective studies are
needed to further confirm the efficacy of adjuvant radiotherapy.
CONCLUSION

Patients with narrow margin were associated with higher
recurrence (especially for the pattern of marginal recurrence)
and worse survival outcomes than those with wide resection
margin. Postoperative local treatment, such as radiotherapy,
might bring potential benefit for these patients.
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Aims: To evaluate the efficacy and toxicity of extracranial stereotactic body radiotherapy
(SBRT) in the treatment of oligometastatic lymph node involvement in the mediastinum,
retroperitoneum, or pelvis, in a consecutive group of patients from real clinical practice
outside clinical trials.

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

Results: The median follow-up after SBRT was 34.9 months. The LC rate at three and five
years was 68.4 and 56.3%, respectively. The observed median FFWD was 14.6 months,
with a five-year FFWD rate of 33.7%. The median PFS was 9.4 months; the three-year
PFS rate was 19.8%. The median FFST was 14.0 months; the five-year FFST rate was
23.5%. The OS rate at three and five years was 61.8 and 39.3%, respectively. Median OS
was 53.1 months. The initial dissemination significantly shortened the time to relapse,
death, or activation of systemic treatment—LC (HR 4.8, p < 0.001), FFWD (HR 2.8, p =
0.001), PFS (HR 2.1, p = 0.011), FFST (HR 2.4, p = 0.005), OS (HR 2.2, p = 0.034).
Patients classified as having radioresistant tumors noticed significantly higher risk in terms
of LC (HR 13.8, p = 0.010), FFWD (HR 3.1, p = 0.006), PFS (HR 3.5, p < 0.001), FFST (HR
3.2, p = 0.003). The multivariable analysis detected statistically significantly worse survival
outcomes for initially disseminated patients as well as separately in groups divided
according to radiosensitivity. No grade III or IV toxicity was reported.

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

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

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

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

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

The aim of this retrospective study is to evaluate the efficacy
and toxicity of SBRT in the treatment of 90 consecutive patients
220
with oligometastatic involvement of lymph nodes located in the
mediastinum, retroperitoneum, or pelvis. The study was
approved by Ethical Board of Masaryk Memorial Cancer
Institute (MMCI; approval No. 2020/2802/MOU).
PATIENTS AND METHODS

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

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

Primary tumors were divided into groups considering
sensitivity to radiotherapy—radiosensitive tumors including
breast, head and neck, gynecologic and prostatic (16, 17);
radioresistant tumors including colorectal, renal, bladder,
pancreas, melanoma, sarcoma, and lung tumors (18, 19). In
February 2021 | Volume 10 | Article 616494
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relation to the primary tumor diagnosis irrespective of future OD
status, initial disease staging was considered. Initially localized
tumors are referred to as M0, and patients with initially
disseminated disease as M1 under TNM classification.

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

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

The risk-adaptive concept was used to prescribe and calculate
the radiotherapy dose, where the dose per fraction and the total
dose are adjusted to the dose–volume histogram (DVH) of the
risk structures (OAR) around the target PTV volume (25, 26).
Because of the very close spatial proximity of radiosensitive
gastrointestinal structures and spatial instability during
repeated fractions (especially in the case of the small intestine),
the dose 35 Gy in five fractions was most frequently prescribed,
and the median biological equivalent dose (BED10Gy) was 60 Gy
(in the range of 48–112 Gy).

Dose calculation was carried out with the Eclipse planning
system (Varian Medical Systems, Palo Alto, USA) with the
Analytical Anisotropic Algorithm (AAA), enabling heterogeneity
correction. Adequate coverage of the target volume was achieved
when 98–100% of PTV was covered with 95–100% of the
prescribed dose. The best possible treatment plan was also
identified by evaluation of the gradient of the radiation dose to
the surrounding tissue. This is assessed by 1) the ratio of the
isodose volume for which the dose is prescribed to the volume of
PTV, 2) the ratio of the volume of 50% isodose to the volume of
PTV, and 3) the maximum dose at 2 cm from PTV in all
directions. The prescribed dose was applied using the Varian
Clinac iX and Varian TrueBeam STX ver. 2.5 linear accelerators
Frontiers in Oncology | www.frontiersin.org 321
equipped with Volumetric Modulated Arc Therapy (VMAT)
technology (27) and flattening filter free (FFF) beams, i.e.,
radiation beams without homogenizing filters. Patient pre-
treatment correction was performed online on-board using
cone-beam computed tomography (CBCT), which is an
integral part of these linear accelerators (28). To ensure patient
safety, each RT plan was dosimetrically verified by gamma
analysis as part of the standard RT quality assurance process.
A typical treatment plan is shown in Figure 1 and dose
constraints are listed in Supplementary Table 2.

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

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

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

Patient and treatment characteristics were described using
standard summary statistics, i.e., median and interquartile range
(IQR) for continuous variables and frequencies and proportions
for categorical variables. SBRT characteristics in patient groups
were compared using Fisher’s exact test, the chi-squared test, or
the Mann–Whitney test, as appropriate. Survival probabilities
were calculated using the Kaplan–Meier method. Survival curves
February 2021 | Volume 10 | Article 616494
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were compared using the log-rank or Gehan–Wilcoxon test, as
appropriate. The Cox proportional hazard model was used to
calculate hazard ratios. The proportional hazard assumption was
verified based on scaled Schoenfeld residuals. Multivariable
analysis was performed using backward stepwise selection
based on the Akaike information criterion. All statistical
analyses were performed employing R version 4.0.2 (32), and a
significance level of 0.05.
RESULTS

Baseline Characteristics
The basic patient and tumor characteristics are summarized in
the left part of Table 1. A total of 90 patients were analyzed. Men
and women were evenly represented, and the median age at
diagnosis was 66 years (range 25–80 years). All patients indicated
for SBRT were in good general condition, with a Karnofsky index
of at least 70%. The most common primary tumors were
colorectal cancers (37 patients, 41%). The initial dissemination
of the primary tumor was in 19 (21%) patients. Within 12
months of their primary tumor, another 26 (29%) patients
Frontiers in Oncology | www.frontiersin.org 422
developed metastases. In half of the cohort, the first metastases
occurred after 12 months.

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

In 32 (36%) patients, the treated oligometastases were the first
sign of dissemination (de-novo OD). The other 58 (64%) patients
had been successfully treated in the past for metastatic disease and
were currently indicated for SBRT for new oligodissemination.
Half of these patients had a history of oligodissemination (repeat
OD), and the other half had former multiple metastases (induced
OD). Most patients (66 patients, 73%) were not under active
systemic therapy at OD diagnosis. The median time without
systemic treatment was eight months (range 1–96 months). The
other patients had ongoing systemic therapy with a median
duration of 12 months (range 4–80 months) at the time of OD
diagnosis. No patient in our cohort was treated with concurrent
FIGURE 1 | Spinocellular carcinoma of the esophagus in a 63 year-old woman, solitary metastasis in the retroperitoneal lymph node, 35 Gy in five fractions, dose
prescription at 80% isodose, PTV = 29.6 cm3, Dmin = 31.4 Gy, Dnear min = 35 Gy, Dmean in PTV = 39.6 Gy, Dnear max = 45.5 Gy, Dmax = 46.8 Gy. Gy, Gray;
PTV, planning target volume; Dmin, minimum dose in the PTV; Dnear min, near-minimum dose in the PTV; Dmean in PTV, mean dose in PTV; Dnear max, near-
maximum dose in the PTV; Dmax, maximum dose inthe PTV. Dnear min and Dnear max according to ICRU report 83 (29).
February 2021 | Volume 10 | Article 616494
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chemotherapy; targeted therapy was also always discontinued at
least one week before and one week after SBRT.

The parameters of SBRT treatment and lesion size are given
in Table 2. The median GTV size was 10.6 cm3 (range 0.4–110.2
cm3). The tumor lesion size corresponded to the size of PTV
(median 27.4 cm3; range 3.3–218.4 cm3). Patients were most
often irradiated in five fractions; the dose was selected according
to dose–volume histograms (DVHs) of risk organs surrounding
the target PTV volume. More than one-third of the patients were
irradiated utilizing schedule 35 Gy in five fractions (35 patients;
39%). A further 29 (32%) patients were irradiated with 30 Gy in
five fractions and 11 (12%) patients with 40 Gy in five fractions.
The median biological dose equivalent (at a/b = 10) was 60 Gy
(range 48–112 Gy). Only 19 (21%) patients were indicated for
systemic treatment immediately after SBRT. According to ICRU
recommendations (33), the minimum and maximum doses in 2
and 98% of GTV and PTV volumes were also evaluated.

Treatment-Related Toxicity
No grade III or IV toxicity was observed. The most common side
effect was mild grade I fatigue, often associated with the need to
travel for therapy. Other acute adverse events grade I to II occurred
in five patients (6%)—nausea and lumbar pain (SBRT of
Frontiers in Oncology | www.frontiersin.org 523
retroperitoneum), difficulty swallowing, anorexia, and increased
mucous production (SBRT of mediastinum) and proctitis (SBRT of
the pelvis, pararectally located tumors). Late side effects were
observed in only two patients. One patient developed a post-
radiation cough associated with post-SBRT infiltrate in the left
pulmonary hilus. In the second patient who underwent the SBRT
of two nodes in the mediastinum, a traumatic vertebral fracture
occurred in the previously irradiated terrain.

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

Median LC was not reached. The probability of absence of local
progression at three and five years was 68.4% and 56.3%,
TABLE 1 | Patients’ clinicopathological characteristics (left) and characteristics of oligometastatic disease intended for SBRT (right).

Clinicopathological characteristics of patients (N = 90) Characteristics of oligometastatic disease intended for SBRT
(N = 90)

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

Age (years) Retroperitoneum 40 (44%)
Median (IQR) 66 (55-71) Number of lesions
Range 25-80 1 60 (67%)

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

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

Primary histologic type median (IQR) 8 (4–22)
Adenocarcinoma 46 (52%) range 1–96
GIST 9 (10%) Months of ongoing systemic therapy
IDC 9 (10%) (oligopersistence and oligoprogression)
SCC 9 (10%) median (IQR) 12 (8–23)
Other 16 (18%) range 4–80
NS 1

Initial disease staging
M0 (initially localized) 71 (79%)
M1 (initially disseminated) 19 (21%)

Timing of initial dissemination
At time of primary tumor 19 (21%)
Within 12 months of primary tumor 26 (29%)
More than 12 months after primary tumor 45 (50%)
February 20
SBRT, stereotactic body radiation therapy; N, number; IQR, interquartile range; GIST, gastrointestinal stromal tumor; IDC, invasive ductal carcinoma; SCC, spinocellular carcinoma; NS,
non-specified; OD, oligodissemination.
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respectively (Figure 2A). One-third of patients treated with SBRT
for OD of lymph nodes did not develop distant relapse that was not
amenable to resection or local ablation therapy (via SBRT, radio-
frequency ablation, or embolization) within five years. The
observed median FFWD was 14.6 months (Figure 2B).

The median PFS was 9.4 months. Approximately one-fifth of
patients (19.8%) were progression-free within three years from
SBRT (Figure 2C). The necessity of systemic therapy has a
significant effect on patient quality of life. In our cohort of
patients, the median time to activate systemic therapy was 14.0
months, with a five-year FFST rate of 23.5% (Figure 2D). The
overall survival rate at three and five years was 61.8 and 39.3%,
Frontiers in Oncology | www.frontiersin.org 624
respectively (Figure 2E). Median OS was 53.1 months. During
follow-up, 32 (35.6%) patients died, four of whom died without
direct relation to cancer.

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

The patients under systemic therapy at the diagnosis of
oligometastatic disease intended for SBRT had longer time to
local progression (HR 3.8, p = 0.056, Figure 4A). The patient’s
disease history before a diagnosis of OD intended for SBRT has a
crucial role in decision making concerning oncological treatment.
We analyzed survival outcomes depending on the patients’ previous
diagnoses of metastatic disease. Patients with a history of
polymetastatic or oligometastatic disease had a higher risk of
distant dissemination than patients with de-novo OD—FFWD
TABLE 2 | SBRT characteristics.

(N = 90)

GTV (cm3) BED10 (Gy)
median (IQR) 10.6 (5.2–18.5) median (IQR) 60 (48–60)
range 0.4-110.2 range 48–112

PTV (cm3) Fractionation
median (IQR) 27.4 (14.9–45.2) 3 × 15Gy 1 (1%)
range 3.3-218.4 3 × 9Gy 1 (1%)

Dmin (Gy) 5 × 6.5Gy 5 (6%)
median (IQR) 33.5 (29.6–36.9) 5 × 6Gy 29 (32%)
range 23.9-51.9 5 × 7.5Gy 3 (3%)
<30 29 (32%) 5 × 7Gy 35 (39%)
30–37 38 (42%) 5 × 8Gy 11 (12%)
≥37 23 (26%) 5 × 9Gy 4 (4%)

Dmax (Gy) 8 × 5Gy 1 (1%)
median (IQR) 36.1 (31.2–41.6) Chemo after SBRT 19 (21%)
range 30.3-58.6 Acute side effects 5 (6%)
<37 54 (60%) Late side effects 2 (2%)
≥37 36 (40%)
SBRT, stereotactic body radiation therapy; GTV, gross tumor volume; IQR, interquartile
range; PTV, planning target volume; Dmin, minimum dose; Dmax, maximum dose; BED,
biological equivalent dose; Gy, Gray.
A B

D E

C

FIGURE 2 | Kaplan–Meier curves for (A) local control, (B) freedom from widespread dissemination, (C) progression-free survival, (D) freedom from systematic
treatment, and (E) overall survival. Dashed lines represent medians. Nested tables include selected characteristics with 95% confidence intervals. NA, Not available.
February 2021 | Volume 10 | Article 616494

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


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

The higher number of treated lesions (two to four lesions)
increased the risk of distant dissemination not amenable to
resection or locally ablative therapy—FFWD (HR 1.8, p =
Frontiers in Oncology | www.frontiersin.org 725
0.040, Figure 4C). The metastases localized in the pelvic area
caused a more frequent disease progression, which was related to
an earlier indication for systemic therapy (p = 0.041, Figure 4F).

SBRT is a local treatment method for cancer diseases. Thus,
the essential treatment parameter is the applied dose (Dmin,
Dmax, and BED) and its distribution over time (fractionation).
Dose and fractionation are primarily related to the location and
A B

D E

C

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

D E F

C

FIGURE 4 | Kaplan–Meier curves for (A) local control according to the relation of OD to systemic therapy, (B) freedom from widespread dissemination,
(D) progression-free survival, (E) freedom from systematic treatment according to the history of dissemination, (C) freedom from widespread dissemination according
to the number of lesions, and (F) freedom from systematic treatment according to the locality of lesions. Panels include corresponding hazard ratios (HR) with 95%
confidence intervals (CIs).
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dimension of lesions. We observed an association of LC with the
minimal applied dose on the borderline of significance but not
with maximal applied dose. On the contrary, maximal applied
dose affected any distant metastases’ appearance and the
associated time to activate systemic treatment. The results of
the applied dose in relation to survival outcomes are summarized
Frontiers in Oncology | www.frontiersin.org 826
in Figure 5, where we categorized Dmin and Dmax into groups
using empirically chosen cut-off values. The univariable analysis
did not show an association of other SBRT characteristics with
the observed survival endpoints.

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

DC

FIGURE 5 | Kaplan–Meier curves according to applied dose expressed by (A) Dmin for local control and Dmax (B–D) for (B) freedom from widespread
dissemination, (C) local control, and (D) freedom from systematic treatment. Panels include corresponding hazard ratios (HR) with 95% confidence intervals (CIs).
TABLE 3 | Multivariable analyses for time-to-event endpoints.

LC
p-value

HR (95% CI)

FFWD
p-value

HR (95% CI)

PFS
p-value

HR (95% CI)

FFST
p-value

HR (95% CI)

Primary tumor type
Radioresistant vs radiosensitive

p = 0.011
11.2 (1.5,1423)

p = 0.006
3.5 (1.4,8.5)

p = 0.001
3.4 (1.6,7.1)

p = 0.003
3.4 (1.5,7.7)

Timing of initial dissemination
Initial vs. later

p = 0.007
4.1 (1.5,10.8)

p = 0.003
2.8 (1.4,5.5)

p = 0.030
1.9 (1.1,3.3)

p = 0.007
2.5 (1.3,4.7)

Relation to systemic therapy
Oligorecurrence vs. Oligoprogression + Oligopersistence

p = 0.061
3.1 (1.0,15.3)

Locality of lesions
Mediastinum vs. retroperitoneum
Pelvis vs. retroperitoneum

p = 0.042
2.7 (1.3,5.8)
1.5 (0.7,3.1)

p = 0.036
1.6 (0.8,3.2)
2.4 (1.2,4.6)

Number of lesions
2–4 vs. 1

p = 0.011
2.2 (1.2,3.9)

p = 0.054
1.7 (1.0,3.1)

Dmax
<37 vs. ≥37

p = 0.074
1.9 (0.9,4.1)
Feb
ruary 2021 | Volume 10 | A
LC, local control; FFWD, freedom from widespread dissemination; PFS, progression-free survival; FFST, freedom from systemic treatment; HR, hazard ratio; CI, confidence interval; OD,
oligodissemination.
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tumor aggressiveness for all treatment endpoints (Figure 3), in
addition, for LC in combination with relation OD to systemic
therapy, and for FFWD and FFST in combination with the lesion
locality and number of lesions and (only for FFWD) with Dmax.
DISCUSSION

Oligometastatic involvement of the lymph nodes after treatment
of the primary tumor appears in 15–20% of cases and depends on
its location and histology (34, 35). Several studies have shown
improved patient survival after complete resection of
retroperitoneal, intraabdominal, and paraaortic lymphatic
relapses (36). However, surgical resection of such involvement
is technically challenging, and R0 resection is difficult to achieve
(37). Any previous treatment also increases the risk of surgical
complications. Such patients are often indicated for systemic
treatment—chemotherapy, targeted therapy, or its combination.
SBRT, with its potentially ablative doses of radiation, offers an
effective alternative to surgery (4). In the present study, local
control at 1, 2, 3, 4 and 5 years is approximately 95, 75, 68, 64,
and 56%, respectively. Over the same period, PFS is 41, 23, 23, 19,
and 19%, and OS is 94, 79, 62, 53, and 39%, respectively.

In Jereczek-Fossa et al. (38), 69 patients underwent the SBRT
for oligometastases in lymph nodes (38). The authors report one-
year local control of 81.6% and three-year local control of 64.3%.
Median PFS was 8.27 months, and three-year PFS was 11.7%.
The median OS was 35.4 months. Yeung et al. (39) included 18
patients and reported a one-year local control of 94%, but a two-
year local control was only 47%. They also reported a one-year
PFS of 39%, a two-year PFS of 17%, a one-year OS of 89%, and a
two-year OS of 74%. Despite the high doses (median BED10 =
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59.5 Gy), the worse local control result could be explained by a
high proportion of gastrointestinal tract tumors, especially
colorectal cancers, which are considered less sensitive to
radiotherapy (37). Loi et al. (40) retrospectively evaluated 87
patients. Their four-year local control and overall survival were
high, 79 and 43%, respectively. Franzese et al. (41) recently
reported a group of 278 patients with a median follow-up of 15.1
months LC at 1 and 2 years 87.2 and 76.8%, respectively. Better
LC was associated with prostate primary tumor, a small tumor
volume, oligorecurrence, and BED10 ≥75 Gy. One-year OS was
88.4%, and a two-year OS was 73.9%. This study is the most
extensive, which includes lymph node oligometastases treated
with SBRT. Selected recent SBRT studies evaluating the
treatment of lymph node oligometastases are summarized in
Table 4 (6, 38–45).

The local control achieved in our patients is comparable or
better to previously published studies. Yeung et al. reported a
lower 3-year LC (47%), explained by a higher number of
colorectal cancers and application of SBRT alone, without
concurrent systemic treatment (39). The same procedure was
used in Jereczek-Fossa et al. with similar results (42). In our
study, LC was very good (95 and 68% at 1 and 3 years,
respectively) despite the high number of colorectal cancers
(41%) and irradiation without concomitant systemic treatment.
Besides, in our cohort, the minimum dose in target volume
(represented by Dmin in GTV) influences local control. The
lower Dmin is always related to the undertreatment of part of the
target volume, which is in close proximity to an organ at risk
(e.g., duodenum). In our study, LC was worse for patients with
Dmin <30 Gy. These observations indicated that the volume of
lymph node oligometastases irradiated by a lower dose than 30
Gy in five fractions should be as minimal as reasonably
TABLE 4 | Selected recent SBRT studies evaluating the treatment of lymph node oligometastases.

Author, year No. ofpatients Primary tumor Dose BED10 Local control Overall survival Toxicity

Franzese, 2020 (41) 278 various 24–54 Gy/
3–8 fr.

78.8 Gy
(37.5–105.6)

87.2%
(1 year)
76.8%
(2 years)

88.4%
(1 year)
73.9%
(2 years)

1× gr. 3

Loi, 2018 (40) 91 various 40–48 Gy/
5–6 fr.

86 Gy
(83–113)

79%
(4 years)

43%
(4 years)

1× acute gr. 3
no late gr. 3

Yeung, 2017 (39) 18 GIT 31–60 Gy/
4–10 fr.

59.5 Gy
(54.8–105)

47%
(2 years)

74%
(2 years)

no gr. 3 or 4

Jereczek–Fossa, 2017 (42) 94 prostate median
24 Gy/3 fr.

43 Gy 84%
(2 years)

– no gr. 3 or 4

Wang, 2016 (43) 22 various median
39 Gy/5 fr.

70 Gy 91%
(1 a 3years)

79%
(1 year)
43%

(3 years)

–

Ost, 2016 (44) 72 prostate 94%
(3 a 5 years)

– no gr. 3 or 4

Jereczek–Fossa, 2014 (38) 69 various median
24 Gy/3 fr.

43 Gy 64%
(3 years)

50%
(3 years)

3× acute gr. 3
1× late gr. 4

Bignardi, 2011 (7) 19 various 24–36 Gy/
1–5 fr.

78%
(2 years)

93%
(2 years)

no acute gr. 3
1× late gr. 3

Choi, 2009 (45) 30 cervix, corpus 33–45 Gy/
3 fr.

67%
(4 years)

50%
(4 years)

6× acute gr. 3
1× late gr. 3
February
 2021 | Volume 10 |
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achievable. Nevertheless, the forced undertreatment in the
target volume parts near some radiosensitive structure is
sometimes inevitable.

Many published studies have also shown better efficacy of
ablative doses of radiation (where the biological equivalent of the
applied dose exceeds BED10 ≥100 Gy) compared to lower doses
(46). However, without the most advanced technology, as is MRI
guidance, the doses applied to the involved lymph nodes are
usually lower. For this reason, the most frequently prescribed
fractionation in our population was 35 Gy in five fractions, and
the median biological equivalent of BED10 was 60 Gy (range 48–
112 Gy), corresponding to the gradual development of the
learning curve. With appropriate tools and technology, an
ablative dose can be given to nodal targets. For example,
publications show the feasibility of safely dose-escalating
targets such as lymph nodes using MRI guidance (47–49).
Even without MRI guidance, Franzese et al. (41) report a
higher BED10 (median 78.75 Gy). Nevertheless, LC in years 1
and 2 was comparable to our results. A longer follow-up is
needed to compare these results further.

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

An important observation was the significant difference in
all survival parameters in relation to the initial staging of the
disease. Specifically, statistically significant differences were
found between the group of patients with initial ly
disseminated primary tumor and the group with metastases
onset after the completion of primary treatment. Survival
differences were observed from both the general disease
control point of view (PFS, p = 0.011; FFWD, p = 0.001; OS,
p = 0.034; FFST, p = 0.005), and in local control parameters
(LC, p < 0.001). No difference in the volume of PTV as well as
in the prescribed dose (Dmin, Dmax, BED) was observed
between these two groups. These results indicate higher
aggressivity of initially disseminated cancer where it is
needed maximum possible systemic treatment and a higher
radiotherapy dose. Considering that availability of state-of-
the-art RT facility equipped by technology for SBRT (or even
Frontiers in Oncology | www.frontiersin.org 1028
more advanced technology employing MR guided systems) is
still limited, there are specialized centers which provide
service to a large region. Especially for extramural patients
referred from distant workplaces, it is important to obtain
al l c l inical data about the patient ’s disease course
irrespective of the possible limited availability of referring
medical oncologists.

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

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

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

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

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

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

Our study has shown that targeted stereotactic radiotherapy,
SBRT, is a minimally toxic and very effective local treatment for
oligometastatic lymph node involvement. It can delay the use of
cytotoxic chemotherapy with minimal patient effort and improve
patient quality of life. Less than one-fifth of patients treated in
this way survive without signs of disease for an extended period.
Identifying patients who benefit most from SBRT in the
treatment strategy, as well as its timing and the prescribed
dose, should be the subject of further studies.
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Objectives: Stereotactic Body Radiation Therapy (SBRT) offers definitive treatment for
localized prostate cancer with comparable efficacy and toxicity to conventionally
fractionated radiotherapy. Decreasing the number of treatment visits from over 40 to
five may ease treatment burden and increase accessibility for logistically challenged
patients. Travel distance is one factor that affects a patient’s access to treatment and is
often related to geographic location and socioeconomic status. In this study, we review
the demographic and geographic factors of patients treated with SBRT for prostate
cancer for a single institution with over a decade of experience.

Methods: Patient zip codes from one thousand and thirty-five patients were derived from
a large, prospectively maintained quality of life database for patients treated for prostate
cancer with SBRT from 2008 to 2017. The geospatial distance between the centroid of
each zip code to our institution was calculated using the R package Geosphere.
Characteristics for seven hundred and twenty-one patients were evaluated at the time
of analysis including: race, age, and insurance status. To assess the geographic reach of
our institution, we evaluated the demographic features of each zip code using US Census
data. Statistical comparisons for these features and their relation to distance traveled for
treatment was performed using the Mann-Whitney U test. Finally, an unsupervised
learning algorithm was performed to identify distinct clusters of patients with respect to
median income, racial makeup, educational level, and rural residency.

Results: Patients traveled from 246 distinct zip codes at a median distance of 11.35
miles. Forty percent of patients were African American, 6.9% resided in a rural region, and
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22% were over the age of 75. Using K-means cluster analysis, four distinct patient zip-
code groups were identified based on the aforementioned demographic features:
Suburban/high-income (45%), Urban (30%), Suburban/low-income (17%), and Rural
(8%). For each of the clusters, the average travel distance for SBRT was significantly
different at 11.17, 9.26, 11.75, and 40.2 miles, respectively (p-value: <0.001).

Conclusions: Distinct demographic features are related to travel distance for prostate
SBRT. In our large cohort, travel distance did not prevent uptake of prostate SBRT in
African American, elderly or rural patient populations. Prostate SBRT offers a diverse
population modern treatment for their localized prostate cancer and particularly for those
who live significant distances from a treatment center.
Keywords: racial, disparities (health), machine learning, treatment burden, travel distance, prostate cancer, SBRT
(stereotactic body radiation therapy)
INTRODUCTION

Adoption of a new technology in cancer treatment is contingent
upon efficacy, safety, and accessibility. The field of radiation
oncology has historically been dominated by the concept of
fractionation to optimize the therapeutic ratio. However, with
the evolution of advanced imaging, precision radiotherapy
delivery, and exquisite image guidance, our ability to reliably
and precisely treat even moving targets has allowed for an
unprecedented movement towards hypofractionation. While
the oncologic efficacy and side effect profile of ultra-
hypofractionated radiotherapy (UHF-RT) has been found to be
comparable to other modes of radiation for localized prostate
cancer, UHF- RT is currently offered to a minority of patients
(1–3). Ultra-hypofractionated radiotherapy can be delivered in a
five-fraction regimen, which has the potential to reduce
treatment burden and cost, as well as improve accessibility to
patients who may be burdened by fractionated radiation
treatments delivered over nine weeks (4–6).

Health services utilization is partially determined by
geographical disparity (7–9). Patients who live in areas with
scarce healthcare options face greater barriers to accessing
appropriate services and are required to travel long distances
for cancer treatment (10). Specifically, patients from rural
communities have diminished access to newer and novel
treatments and practice changing clinical trials (11). Several
studies have documented improved cancer outcomes for
patients treated at centers with more specialized care (12–14).
In general, travel distance to a major cancer center has been
noted to contribute to slower adoption of new cancer treatment
and poorer outcomes (12, 15). A recent study examining the
National Cancer Database for prostate cancer revealed that travel
distance may be a contributor to racial disparity for African
Americans, Hispanics and other nonwhite races in the adoption
of SBRT for treatment of localized prostate cancer (16). While
the efficacy of SBRT continues to be evaluated in prospective
clinical trials, the inequitable access to SBRT may prove
detrimental. Given that nine weeks of daily conventionally
fractionated radiation therapy may lead to greater financial
233
toxicity for communities with lower income and decreased
access due to geographic disparity, a hypofractionated regimen
offers an excellent treatment option to patients with limited
access without overwhelming logistical challenges.

To this end, we sought to review a decade of experience at a
comprehensive cancer center which was an early adopter of SBRT
for localized prostate cancer. Using a large institutional database,
we analyzed the geographic and demographic features of our
patient population, the utilization of prostate SBRT defined by
geodemographic clusters based on zip code, and associated census
data points using a machine learning algorithm.
METHODS

From January of 2008 to December of 2017, 1,035 patients with
localized prostate cancer were treated at Medstar Georgetown
University Hospital with five fraction SBRT or an SBRT boost
and supplemental pelvic IMRT. Given that a portion of patients
traveled long distances across the United States a threshold for
outliers was developed using the Tukey method (Figure 1).
Subsequently, full records for 923 patients with localized
prostate cancer at Georgetown University Hospital were
analyzed. Of these, 725 patients were treated with SBRT
monotherapy and 198 with an SBRT boost in addition to
conventionally fractionated pelvic radiotherapy. Treatment
methods have been described elsewhere (17) but briefly; one
week after placement of 4 to 6 gold fiducial markers in the
prostate, patients underwent a CT simulation of the pelvis. The
bladder, prostatic urethra, membranous urethra and rectum
were contoured by a single treating radiation oncologist (SPC).
Inverse planning was generated with a prescription dose of 35 to
37.25 Gy in five fractions using 6-MV photons calculated on
MultiPlan software (Accuray Inc., Sunnyvale, USA). Patients
who received supplemental IMRT were treated with robotic
SBRT (19.5 Gy in three fractions to the prostate) followed by
fiducial-guided IMRT. Patients were initiated on IMRT
treatment the week following SBRT. Daily doses of 1.8 Gy were
delivered 5 days a week to a total dose of 45–50.4 Gy in 25–28
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fractions. Dose volume histograms were constructed to meet
clinically established dose objectives and constraints for OARs.
Treatment was delivered using the CyberKnife robotic
radiosurgical system (Accuray Inc., Sunnyvale, CA, USA).
Fiducial tracking using continuous orthogonal x-rays was
employed to account for intrafractional target motion.

The patient characteristics were derived from a prospectively
maintained quality of life IRB (IRB#: 2009-510) approved
institutional trial. Patient zip codes were extracted from the
hospital billing database and the US Census database was
accessed and linked with patient zip codes. The zip code data
points included: median income, proportion of African
American and rural residents, education level and proportion
of un-insured patients. The geospatial distance between the
centroid of each zip code to our cancer center was calculated
using the R package Geosphere (CRAN, Vienna, Austria). These
distances did not necessarily represent driving distance but
rather as the crow flies. Statistical comparisons for these
features and their relation to distance traveled for treatment
was performed using the Mann-Whitney U test. After
standardizing data, an unsupervised learning algorithm called
K means clustering using SPSS version 23 (IBM Corp., Armonk,
NY) was performed to identify distinct clusters of patients with
respect to median income, racial makeup, educational level and
rural residency (18). Distance traveled from each cluster was
reported in miles. Differences in demographics for each zip code
were interrogated to identify the chief discriminant of clusters.
Frontiers in Oncology | www.frontiersin.org 334
Google maps data was used to generate images and zoom levels
meant to capture the Maryland and Virginia area from which our
cohort lives.
RESULTS

In our cohort, the median age was 69 (range 48–92). Self-reported
race was 46% Caucasian, 48% African American, and 6% Other.
The majority of patients presented with intermediate risk prostate
cancer (55%) per D’Amico criteria, followed by high risk (25%) and
low risk (20%) disease. Mean and median travel distance to
Georgetown University Hospital was 16.8 and 11.4 miles (0.44–
222.2). Additional patient characteristics are presented in Table 1.

Mean Travel distance for African American patients was 12.5
miles, which was significantly lower than Caucasian patients, 20.6
miles (p-value<0.001). Travel distance for patients older than 75 was
15.6 miles and not significantly different compared to patients
younger than 65 which was 17.8 miles (p-value=0.19) (Figures
2A, B). Travel distance for patients with high risk disease was 13.9
miles, significantly lower than those with intermediate and low risk
disease at 17.9 miles (p-value=0.014). Patients treated with
supplemental IMRT traveled a shorter distance of 13.7 miles
compared to monotherapy patients at 17.7 miles (p-value=0.017).

Within a 222 mile radius of the hospital 246 distinct zip codes
were identified. The median income of identified zip codes was
$107,170 ($34,739–226,386). The median percentage of African
FIGURE 1 | Map patient zip codes.
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American residents in the zip codes analyzed was 21.39% (0%–
100%). Approximately 6.9% of zip codes analyzed were
considered rural based on rural residency (Table 2). Using an
unsupervised K-means clustering algorithm which included the
above characteristics as well as percentage uninsured and
percentage high school graduates within each zip code, four
distinct clusters with similar demographic features were
identified (Figure 3). The clusters were characterized based on
rural residency, African American population, and income, and
Frontiers in Oncology | www.frontiersin.org 435
are referred to as: Urban, Suburban/high income, Suburban/low
income and Rural clusters. Mean travel distance for the urban
cluster was 9.26 miles, compared to 11.17 miles for Suburban/
high income, 11.75 miles for Suburban/low income and 40.2
miles for the rural cluster. For each of the clusters, the average
travel distance for SBRT was significantly different (p-value:
<0.001). Incomes differed significantly between clusters with
the urban clusters having the lowest income with a median
income of $63,000 per household and the suburban/high income
cluster having highest median income at $125,000 dollars per
household. Racial make-up of each cluster differed significantly,
with the urban cluster having an 82% African American
population compared to suburban/high income at 9% (Figure 4).
DISCUSSION

SBRT for localized prostate cancer is increasingly offered as a
treatment option that may reduce treatment related burden
compared to conventionally fractioned EBRT. This treatment
regimen has the potential advantage of being more accessible to
patients than conventionally fractionated EBRT. We reviewed
the demographic and geographic factors of patients treated with
SBRT for localized prostate cancer at a single institution with
over a decade of prostate SBRT experience. To our knowledge,
this is the first study that examines patient utilization of prostate
SBRT based on sociodemographic clusters derived from a
machine learning algorithm. In this study, patient age, zip
code, and race as well as US census data tied to patient zip
codes were entered into an unsupervised K-means clustering
algorithm to categorize geographical and demographical clusters.

Studies in the past have demonstrated travel distance as one of
the factors that affects a patient’s access to treatment and is often a
consequence of other sociodemographic factors (15, 16). Mahal
et al. identified distinct demographic features that correlate with
travel distance specifically for prostate SBRT such as race, income
and rural residency (16). In this study, travel distance was found to
be a function of race, income and rural residency, consistent with
findings from Mahal and colleagues (16). In our study, Caucasian
patients traveled significantly further for their treatment than
African American patients. However, it is noteworthy that the
racial make-up of our study population for the most part,
mirrored that of the general population of the community
surrounding our institution, the District of Columbia (43% AA
TABLE 1 | Selected patient characteristics.

Median Age (range) Number (%)

69 (48-92)
Race
White 423 (46%)
Black 442 (48%)
Other 58 (6%)

Risk group (D’Amico)
Low 185 (11%)
Intermediate 511 (63%)
High 228 (26%)

Treatment Modality
SBRT monotherapy 725 (79%)
SBRT boost 198 (21%)

Travel Distance (miles)
11.8 (0.44-222.2)

Total Patients: 923
Bold is number of patients.
A

B

FIGURE 2 | Travel distance stratified by (A) race and (B) Age.
TABLE 2 | Selected patient demographics.

Demographic Feature Median (Range)

Income (USD)
107,170 (34,739-226,386)

% African American Residents
21.39% (0%-100%)

% Rural Residents
6.9% (0%-100%)

% Un-Insured residents
6.5% (0-30.8%)
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vs 46% AA, 53% Caucasian vs 46% Caucasian, respectively) (19).
These findings imply that travel distance may be an incomplete
proxy for access to care. Further, we found that our patients came
from a relatively balanced mix of socio-demographic backgrounds
with the majority coming from Urban, Suburban/low income and
Rural clusters but not Suburban/high income. This finding is
interesting as the clusters had significantly different median travel
distances. Importantly, despite an almost 4-fold greater travel
distance compared to their Urban and Suburban counterparts
(40.2 vs 10.72 miles), patients from the rural cohort were able to
access this treatment regimen. We suspect that this greater
geographic accessibility is due to the reduced number of
treatment sessions associated with SBRT as compared to
conventionally fractionated EBRT. Interestingly, we found that
Frontiers in Oncology | www.frontiersin.org 536
the distance traveled for patients receiving SBRT boost and
supplemental IMRT was significantly shorter than patients who
were treated with SBRT alone. This is likely a result of the
significantly higher number of treatments needed for the SBRT/
IMRT combination, resulting in a greater treatment burden and
lower geographic accessibility.

Travel distance stratified by risk group demonstrates a
significantly lower distance traveled for individuals with high
risk disease than with intermediate or low risk groups. Despite
this, there was no significant difference in travel distance for
individuals requiring a boost. This is likely because boost
protocols include high risk and intermediate risk patients.

In prior studies, patients who are African American, under
the age of 65, those with low income and/or with a low education
FIGURE 3 | (A) All patient zip codes mapped, (B) urban cluster, (C) suburban/high income cluster, (D) suburban/low income cluster and (E) rural cluster.
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level were identified as more likely to experience reduced access
to cancer treatment (20, 21). In this study, we found significant
utilization of prostate SBRT from African American, elderly, low
income and rural communities. This suggests that utilization of
SBRT for prostate cancer may improve access to patient
populations that have historically faced a disproportionate
barrier in treatment of their cancer. Decreasing the number of
treatments to five may ease treatment burden and increase
accessibility for logistically challenged and socioeconomically
disenfranchised patients. Furthermore, SBRT may be an option
for some patients to reduce financial toxicity related to their
cancer care while achieving excellent disease specific
outcomes (1).

Potential limitations of our study include the use of indirect
patient characteristics based on US Census data, the exclusion of
patients who traveled very long distances to receive treatment, the
Frontiers in Oncology | www.frontiersin.org 637
possibility of inaccuracies in the US Census data used and changes
in the demographics of patients who utilized SBRT over the study
period. Future directions include using artificial intelligence
derived clusters to study disease specific end-points, patient
reported outcomes and possibly to identify disparities that were
missed when only considering single variables.
CONCLUSION

In this study, we examined distinct demographic features and their
relationship with travel distance for prostate SBRT. Notably, travel
distance did not prevent the uptake of this new technology for our
African American, elderly or rural patients. Hence, prostate SBRT
is a modern treatment modality that a diverse population can
access, particularly for those who live significant distances from a
treatment center. This is likely secondary to shortened treatment
time offered by this technology compared to conventionally
fractionated radiotherapy.
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Objective: CyberKnife offers CT- and MRI-based treatment planning without the need for
stereotactically acquired DSA. The literature on CyberKnife treatment of cerebral AVMs is
sparse. Here, a large series focusing on cerebral AVMs treated by the frameless
CyberKnife stereotactic radiosurgery (SRS) system was analyzed.

Methods: In this retrospective study, patients with cerebral AVMs treated by CyberKnife
SRS between 2005 and 2019 were included. Planning was MRI- and CT-based.
Conventional DSA was not coregistered to the MRI and CT scans used for treatment
planning and was only used as an adjunct. Obliteration dynamics and clinical outcome
were analyzed.

Results: 215 patients were included. 53.0% received SRS as first treatment; the rest
underwent previous surgery, embolization, SRS, or a combination. Most AVMs were
classified as Spetzler-Martin grade I to III (54.9%). Hemorrhage before treatment occurred
in 46.0%. Patients suffered from headache (28.8%), and seizures (14.0%) in the majority of
cases. The median SRS dose was 18 Gy and the median target volume was 2.4 cm³. New
neurological deficits occurred in 5.1% after SRS, with all but one patient recovering. The
yearly post-SRS hemorrhage incidence was 1.3%. In 152 patients who were followed-up
for at least three years, 47.4% showed complete AVM obliteration within this period. Cox
regression analysis revealed Spetzler-Martin grade (P = 0.006) to be the only independent
predictor of complete obliteration.

Conclusions: Although data on radiotherapy of AVMs is available, this is one of the
largest series, focusing exclusively on CyberKnife treatment. Safety and efficacy
compared favorably to frame-based systems. Non-invasive treatment planning, with a
frameless SRS robotic system might provide higher patient comfort, a less invasive
treatment option, and lower radiation exposure.

Keywords: CyberKnife, radiosurgery, stereotactic, arteriovenous malformation, Gammaknife surgery
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INTRODUCTION

Cerebral arteriovenous malformations (AVMs) consist of a
complex tangle of abnormal blood vessels - the nidus, which
does not clearly correspond to an artery or vein and lacks a
physiological capillary bed. With an annual detection rate of one
per 100,000, AVMs are a rare but significant vascular pathology
(1). If ruptured, AVMs can cause substantial morbidity and
mortality. Current treatment protocols are based on a detailed
assessment of the risk of spontaneous bleeding during the natural
course of the disease versus the risk of invasive AVM
treatments (2).

Stereotactic radiosurgery (SRS), alone or in combination with
embolization, is an important treatment option for intracranial
AVMs, especially if the lesion is not eligible for surgery or
embolization or if only partial occlusion can be achieved after
embolization (3). In general, a high prescription dose between 15
and 25 Gy is required to obliterate AVMs by SRS. However, a
prolonged median time to complete obliteration of around three
years is described in the literature and is a known limitation of
radiosurgery (4–6). Determinants of obliteration latency have
been investigated in the past for various SRS systems such as
Gamma Knife (7) and LINAC systems (8) but studies focusing
on CyberKnife treatment of AVMs is sparse.

The comprehensive diagnostic work-up of AVMs is based on
magnetic resonance imaging (MRI) for topography and digital
subtraction angiography (DSA) for flow dynamics. Additionally,
a planning CT angiography is necessary for image coregistration
in all above-mentioned SRS systems. The Gamma Knife system
is frame-based (9) and LINAC SRS systems are usually (but not
exclusively) frame-based as well (10), meaning that a stereotactic
frame has to be mounted to the patient before they receive the
planning CT which is later referenced to the MRI. If the
practitioner needs an exact overlay of the DSA with the MRI
and CT images for nidus definition, the DSA has to be acquired
with a stereotactic frame as well (11, 12). The acquisition of a
stereotactic DSA is a time-consuming procedure compared to
conventional DSA because the frame has to be mounted using
local anesthesia and many patients even require general
anesthesia throughout the whole acquisition process. DSA with
external localizers or fiducials was shown to be feasible but is not
yet established in clinical routine (13–15).

In contrast to frame-based systems, the CyberKnife system
(Accuray, Inc., Sunnyvale, CA) relies on real-time image
correction during the procedure without the necessity of a
stereotactic frame (16). Therefore, computerized treatment
planning is solely based on CT and MRI data. DSA is usually
used solely as adjunct information without exact image-overlay.

Indeed, MR angiography (MRA) was shown to provide the
possibility of non-invasive AVM examination without the need
for an additional invasive DSA (17–23). The integration of high-
resolution MRI scans into the treatment planning process of the
CyberKnife and their use in subsequent follow-up studies have
been proven feasible (24).

The objective of this study was to analyze the efficacy and
safety of CyberKnife SRS treatment of intracranial AVMs in a
large cohort of patients. Planning was based on coregistered MRI
Frontiers in Oncology | www.frontiersin.org 240
and CT images only, using a conventional non-coregistered DSA
solely as an adjunct.
METHODS

Study Design
In this retrospective, single-center, non-randomized study
patient characteristics, pre-treatment status, radiation
parameters, and outcome were collected in our database.
Between 2005 and 2019, 270 patients received CyberKnife SRS
for cerebral AVMs and were screened for eligibility for this study.
Patients were excluded if they were below the age of 18 (n = 18),
were treated for spinal AVM (n = 9), or if the follow-up period
was less than 5 months (n = 23). Five additional patients were
excluded due to a combination of those criteria. Accordingly, 215
patients were included in this retrospective analysis (Figure 1).
Subgroup analysis was performed in patients meeting the
inclusion criteria of the ARUBA study (“A Randomized Trial
of Unruptured Brain AVMs”): unruptured AVMs, Spetzler-
Martin grade < V, no previous treatment and good Karnofsky
performance status ≥ 80% before treatment (25). Obliteration
rates were evaluated in patients with at least three years of
follow-up.

Written consent to use the collected data for this retrospective
analysis was obtained from every patient before treatment. All
procedures were in accordance with institutional guidelines. This
study was approved by the institutional review board (accession
number 20-250KB).

Study Parameters
Basic demographics and AVM specifications were extracted from
our database. Pre-treatment work-up consisted of a DSA
(Figures 2A, B), a CT angiography (with contrast injection) as
well as a dedicated MRI study with 1 mm slice thickness (Figures
2C, D). The pre-treatment non-stereotactic (acquired without
stereotactic frame) DSA solely served as adjunct information and
was not coregistered with treatment planning CT and MRI
studies. AVMs were classified using the Spetzler-Martin
grading system (26), with a score of VI being attributed to
inoperable lesions. Furthermore, the radiosurgery-based AVM
score was calculated (27). It is a score on a continuous scale
which includes AVM volume, patient age and deep localization
and was previously shown to predict outcome after radiosurgery
(28, 29).

CyberKnife Treatment
The CyberKnife robotic SRS system consists of a 6-MV compact
linear accelerator mounted on a computer-controlled, 6-axis
robotic manipulator (16). Integral to the system are
orthogonally positioned x-ray cameras for image acquisition
during treatment. These images are processed automatically to
identify specific cranial bone structures. The information is then
referenced to the CT angiography study to determine the exact
position of the SRS target in real-time and to compensate for
changes in patient position during treatment. The treatment
March 2021 | Volume 10 | Article 608750
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principle of the CyberKnife represents a noncoplanar,
nonisocentric dose delivery. The precision of the CyberKnife
technology was shown to be comparable to published frame-
based SRS systems (30). Dose determination and target volume
planning was achieved with various versions of the MultiPlan
and Precision planning softwares (Accuray Inc., Sunnyvale, CA,
USA) analogously to previous publications (24) (Figure 3).

For each patient, a 1 mm isotropic T1 post-gadolinium and a
1 mm isotropic T2 MRI sequence were coregistered with the CT
images to verify correct AVM topography during dose planning.
Although primary DSA imaging was taken into account during
target delineation, it was not coregistered with the other imaging
modalities. Volume-staged CyberKnife SRS (subdivision of the
target volume with sequential CyberKnife SRS sessions separated
by intervals of days to weeks) was not performed. In patients
with multiple target volumes, the absolute target volume and
dose were used for further analysis.
Frontiers in Oncology | www.frontiersin.org 341
Definition of Obliteration and Follow-Up
After SRS, patients were followed up clinically and by MRI scans at
6-month intervals. The standard MRI protocol included 1 mm
isotropic T1 post-gadolinium and 1mm isotropic T2morphological
sequences and a 3D TOF MRA. Volumetric characterization of the
nidus was performed with various versions of the MultiPlan and
Precision planning software (Accuray Inc., Sunnyvale, CA, USA).

In line with existing literature (31), partial obliteration inMRIwas
defined as a reduction of the original AVM nidus volume of 50-95%.
Complete obliteration was defined as > 95% reduction of the original
AVM nidus volume combined with absence of early contrast filling
of a draining vein in time-resolved MRA (Figures 2F, G).

If the MRI scan indicated complete obliteration, the patient
was recommended to obtain a DSA to verify complete AVM
obliteration. If the MRI did not indicate a complete obliteration,
a DSA was recommended after three years at the latest. Although
DSA was recommended to all patients, only some of the patients
FIGURE 1 | Patient inclusion scheme.
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had this test performed. However, both patients with and
without follow up DSA were included in the analysis.

In DSA follow-up imaging, partial obliteration was defined as
disappearance of the AVM nidus with persistence of an early
filling draining vein, indicating that residual shunting is still
present. Complete obliteration was defined as disappearance of
the AVM nidus without any early filling draining vein
(Figure 2E).

Statistics
An univariate analysis was performed for factors favoring AVM
obliteration within three years. For this purpose, continuous
variables were tested for normal distribution using the Shapiro-
Frontiers in Oncology | www.frontiersin.org 442
Wilk test, with only age being found to be normally distributed.
Consequently, the descriptive statistics in the tables are listed as
median and interquartile range (IQR). IQR measures statistical
dispersion in non-normally distributed data, equal to the
difference between 75th and 25th percentiles, or between upper
and lower quartiles. The t-test was used to compare age and the
Mann-Whitney U-test to test all other continuous variables
between patients with and without complete obliteration
within 36 months. The distribution of ordinal and nominal
scaled variables between patients with and without complete
obliteration within three years was analyzed using the exact
Fisher test and the Chi-square test. The cumulative probability of
partial and complete obliteration was evaluated using Kaplan-
FIGURE 2 | Case illustration. (A) Pre-treatment digital subtraction angiography (DSA), lateral view, arterial phase. Depiction of right frontal arteriovenous
malformation (AVM) supplied by the medial cerebral artery with large nidus. (B) Pre-treatment DSA, lateral view, early venous phase. Depiction of diluted cortical
veins. (C) Pre-treatment T2-sequence magnetic resonance imaging (MRI) with depiction of AVM nidus and diluted veins. (D) Pre-treatment T1-MR-angiography of
the same area. (E) 2-year post-treatment follow-up DSA, arterial phase with no residual nidus or early venous drainage. (F) 2-year post-treatment follow-up T2-
sequence MRI with depiction of a small residual lesion without T2-hyperintense radiation induced changes. (G) 2-year post-treatment follow-up T1-MR-angiography
with depiction of small residual contrast enhancement.
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Meier statistics. Factors associated with obliteration within three
years were tested in a multivariate Cox regression model. A
significance level of p < 0.05 was chosen for the tests. SPSS
version 25 (IBM) was used for statistical calculations.
RESULTS

Patient Demographics
Of 215 included patients, 49.3% were female, and the median age
was 40.4 years (range 18.3–79.8 years). The overall rate of
cardiovascular risk factors was low, with arterial hypertension
being the main contributor (n = 18). One hundred seventy-four
(80.9%) patients had a supratentorial localization of the AVM,
while 41 (19.1%) patients presented with infratentorial
localization. The majority consisted of Spetzler-Martin grade I
to III AVMs (118, 54.9%), while 69 (32.1%) lesions were
classified as Spetzler-Martin grade IV or V and 28 (13.0%)
were inoperable AVM lesions, classified as Spetzler-Martin
grade ≥ IV.

The most frequent presenting symptom was headache (n =
62, 28.8%). AVM associated hemorrhage before treatment was
detected in 99 (46.0%) patients. In 15 cases, hemorrhaged AVMs
were operated upon to evacuate the hematoma. In 39 cases, the
Frontiers in Oncology | www.frontiersin.org 543
bleeding was eloquently located and did not justify the risk of
surgical decompression. In the other 45 cases of the 99 with an
associated hemorrhage, the bleeding was small, asymptomatic
and did not require hematoma evacuation. Of all patients with an
associated hemorrhage, 16 (7.4%) were asymptomatic, 41
(19.1%) had neurological deficits, 13 (6.0%) had headache, 6
(2.8%) presented with epilepsy and 23 (10.7%) had a
combination of those symptoms (Table 1).

While 114 (53.0%) patients received no previous treatment,
23 (10.7%) were previously subjected to surgery alone or in
combination with embolization, 16 (7.4%) were previously
subjected to SRS, alone or in combination with embolization,
and 62 (28.8%) were previously subjected to embolization alone.

Of the 23 patients who received a previous surgery, 11 were
internal referrals and 12 were externally referred to receive
CyberKnife SRS at our center. Of the 11 internal referrals, 5
only received surgical hematoma evacuation, because the AVM
was non-amenable to resection. Five showed minimal residual
AV-shunting on postoperative DSA and one patient had a partial
AVM resection.

Treatment Details and Follow-Up Imaging
Of all AVMs treated with CyberKnife SRS, 210 (97.7%) had
single targets at the nidus while five (2.3%) had multiple target
FIGURE 3 | Illustratory target volume planning achieved with the MultiPlan planning software (Accuray Inc., Sunnyvale, CA, USA).
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volumes. The median dose was 18 Gy (range, 15–30 Gy). Of all
patients treated for AVMs with CyberKnife, all but one patient
received a maximum of 25 Gy. There was one patient who
received 29.58 Gy. He had a very small high flow AVM/fistula
with a volume of 0.4 cc which explains the high focal dose. The
median prescription isodose line was 85%. There was a wide
range of target volumes (0.1 cm³ to 35.7 cm³) with the median
being 2.4 cm³. The Spearman-Rho correlation coefficient
between target volume and coverage was 0.157. This value
shows that smaller tumors do not manifest an increased
coverage or vice versa. The range of follow-up was 5.6 to
165.9 months, with a median value of 40.2 months. All
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patients were recommended to obtain a DSA after 3 years or
if obliteration was suspected in MRI. In all 152 patients who
were included in the efficacy analysis (minimum follow-up of
three years), 76 (50.0%) were followed-up by DSA while the rest
failed to provide a DSA follow-up study, mostly due to its
invasive nature and logistic effort (Table 2).

Neurological Deficits and Treatment-
Related Morbidity
Patients presented with a median Karnofsky performance status
of 90% (range, 40%–100%) before SRS. The median Karnofsky
performance status did not change at first and last follow-up.

Thirty patients (14.0%) presented with symptomatic epilepsy
before SRS treatment. After SRS treatment, 29 patients (13.5%)
developed new seizures. Of all 59 patients manifesting
symptomatic epilepsy before or after SRS, 36 (16.7%) were
adequately controlled with medication.

During the follow-up period, 73 (73.7%) of 99 patients with
neurological deficits recovered completely or partially.

There were 11 (5.1%) new neurological deficits after SRS,
with ten recovering partially or completely (hemiparesis,
cerebellar symptoms, aphasia, cognitive deficits, fatigue) and
one visual field deficit not recovering completely. Bivariate
analysis revealed that the proportion of patients with new
deficits after SRS was higher in those that received previous
SRS (17.6% versus 4%, p = 0.015). Similarly, AVMs with a high
TABLE 1 | Patient demographics and characterization of arteriovenous
malformations.

Variable Value

Subjects, N 215
Age, median years ± SD 40.4 ± 13.3
Sex, female 106 (49.3%)
Hypertension 18 (8.4%)
Nicotine abuse 8 (3.7%)
AVM side, left 116 (54.0%)
AVM size Small (diameter < 3 cm)

Medium (diameter 3–6
cm)
Large (diameter > 6 cm)
Maximum volume

121 (56.3%)
49 (22.8%)
45 (20.9%)
35.7 cm³

AVM localization Lobar
Infratentorial
Eloquent

148 (68.8%)
41 (19.1%)
72 (33.5%)

AVM venous drainage pattern Superficial only
Any deep

136 (63.3%)
79 (36.7%)

Spetzler-Martin grade I
II
III
IV
V
VI

13 (6.0%)
42 (19.5%)
63 (29.3%)
48 (22.3%)
21 (9.8%)
28 (13.0%)

Radiosurgery-based AVM
score

Median (IQR)
Range

1.36 [1.11–1.70]
0.45–4.67

AVM-associated arterial
aneurysm

10 (4.7%)

AVM-associated hemorrhage 99 (46.0%)
Previous treatment None

Embolization
Surgery
Surgery & embolization
SRS
SRS & embolization
SRS & surgery &
embolization

114 (53%)
62 (28.8%)
10 (4.7%)
12 (5.6%)
6 (2.8%)
10 (4.7%)
1 (0.5%)

Clinical presentation Seizure
Headache
Focal deficit
Other deficit
Asymptomatic

30 (14.0%)
62 (28.8%)
63 (29.3%)
36 (16.7%)
35 (16.3%)
If not otherwise indicated, frequencies are presented as n (%). AVM, arteriovenous
malformation; SD, standard deviation; IQR, interquartile range; SRS, stereotactic
radiosurgery; Eloquent is any AVM location involving the sensorimotor, language, or
visual cortex; the hypothalamus and thalamus; the internal capsule; the brainstem; the
cerebellar peduncles; or the deep cerebellar nuclei. Associated arterial aneurysms are flow-
related aneurysms located on a feeding artery or within the AVM nidus (so-called intranidal
aneurysms). Other deficits include gait ataxia, vertigo, cognitive deficits, and fatigue.
TABLE 2 | CyberKnife radiosurgery and follow-up imaging.

Variable Value

Dose, median Gy (IQR) 18.0 [17.0– 20.0]
Prescription isodose,
median % (IQR)

85.0 [70.0–85.0]

Target volume Median cm³ (IQR)
Range cm³

2.4 [0.9–5.0]
0.1–35.7

Homogeneity index Median (IQR) 1.18 [1.18–1.43]
Conformity index Median (IQR) 1.18 [1.12–1.25]
Coverage to GTV Median (IQR) 96% [92.5–97.7%]
Follow-up period Median months (IQR)

Range months
40.2 [21.6–786]

5.6–165.9
Follow-up imaging in all
patients

MRI
MRI and DSA

139 (64.7%)
76 (35.3%)

Follow-up imaging in
patients included in efficacy
analysis

MRI
MRI and DSA

76 (50.0%)
76 (50.0%)

Discrepancies between MRI
and DSA

MRI inconclusive, DSA
shows complete
obliteration
MRI suggests higher
grade of obliteration than
DSA

10 (5.2%)

0

Post-SRS hemorrhage Overall
With pre-SRS
hemorrhage (N 93)
ARUBA-eligible (N 86)

12 (5.6%)
6 (6.5%)

0
Yearly post-SRS
hemorrhage risk

Incidence (95% CI) 1.3% [0.7–2.3%]
March 2021 | Volume
When not otherwise indicated, frequencies are presented as n (%). SRS, stereotactic
radiosurgery; MRI, magnetic resonance imaging; DSA, digital subtraction angiography;
IQR, interquartile range; CI, confidence interval; GTV, gross treatment volume.
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Spetzler-Martin grading were significantly more at risk for a
new deficit after SRS. While patients with a Spetzler-Martin
grade I or II lesion developed no new deficit, patients with grade
III or IV lesions developed three (2.7%) new deficits and
patients with grade V or VI lesions developed eight (16.3%)
new deficits (p < 0.001). Furthermore, a lower median
prescription isodose line was associated with new deficits
(70% versus 85%, p = 0.022).

Twelve (5.6%) patients developed an AVM related
intracerebral hemorrhage after SRS, two of whom died and
seven of whom presented with a new neurological deficit. A
bivariate risk factor analysis showed that higher single dose (22.5
Gy versus 17.5 Gy, p = 0.003) and a lower median prescription
isodose line (67.5% versus 85%, p < 0.001) were associated to
hemorrhage after SRS.

The yearly post-SRS hemorrhage incidence was 1.3% in
patients with no or partial obliteration. Four additional deaths
were non-related to the AVM or SRS treatment (Table 3).
Treatment Efficacy
Obliteration rates were calculated in 152 patients who were
followed-up for at least 3 years. Of those, 72 (47.4%) had a
complete AVM obliteration within the first 3 years after SRS
and 80 (52.6%) had a persisting AVM lesion (Table 4). Of
those without complete obliteration after three years, 31
(20.4%) eventually obliterated until last follow-up so
that the cumulative complete obliteration rate was 67.7%
(n = 103).

The median time to complete obliteration was 41.6 months
and the median time to partial obliteration was 6.7 months.

There was no significant difference between ARUBA-eligible
(Figure 1) and ARUBA-non-eligible patients regarding median
time to complete (41.6 months versus 42.1 months, P = 0.605) or
partial obliteration (6.5 months versus 6.7 months, P = 0.078,
Figure 4A).

Kaplan-Meier analysis revealed no significant difference in
median time to complete obliteration for patients who received
previous SRS versus patients who did not receive previous SRS
(41.6 months versus 40.4 months, P = 0.166). Similarly, no
difference was noted between patients who underwent
neuroendovascular embolization before SRS versus patients
who were not embolized before SRS (39.3 months versus 41.6
months, P = 0.604).

However, patients who received partial surgical resection
of the AVM had a shorter median time to complete
obliteration (27.8 months versus 43.0 months, P = 0.028,
Figure 4B). In addition, obliteration dynamics significantly
varied depending on the Spetzler-Martin grade (P = 0.007,
Figure 4C). While complete obliteration after 3 years was
achieved in 67% of patients with Spetzler-Martin grade I
and II lesions, the obliteration rate for Spetzler-Martin
grades III, IV, V, and VI was 52.3%, 35.7%, 26.3%, and
37.4%, respectively (P = 0.028).

A lower radiosurgery-based AVM score (P = 0.028), a smaller
target volume (P < 0.001) and a higher prescription dose (P =
Frontiers in Oncology | www.frontiersin.org 745
0.002) were also significantly associated with complete
obliteration within 3 years in bivariate analysis.

When performing a multivariate Cox regression analysis with
the above-mentioned significant variables from univariate
analysis, only Spetzler-Martin grade (P = 0.006) was found as
independent predictor of complete obliteration (Table 4).
DISCUSSION

We analyzed obliteration dynamics, bleeding events and
complications in a large cohort of patients with ruptured and
TABLE 3 | Morbidity and mortality.

Variable Value

Karnofsky performance
status before SRS

Median (IQR)
Range

90% [90–100%]
40–100%

Karnofsky performance
status at first follow-up

Median (IQR)
Range

90% [90–100%]
40–100%

Karnofsky performance
status at last follow-up

Median (IQR)
Range

90% [90–100%]
40–100%

Seizures None
Presenting symptom
Onset after radiosurgery

156 (72.3%)
30 (14.0%)
29 (13.5%)

Headache None
Presenting symptom
Onset after radiosurgery

147 (68.4%)
62 (28.8%)
6 (2.8%)

Neurological deficits
before SRS

None
Visual field deficits
Monoparesis
Hemisyndrome without aphasia
Vertigo
Cerebellar symptoms
Hypesthesia
Diplopia
Aphasia
Fine motor skills
Facial palsy
Hemisyndrome with aphasia
Cognitive deficits
Fatigue

116 (54%)
25 (11.6%)
12 (5.6%)
10 (4.7%)
9 (4.2%)
10 (4.7%)
7 (3.3%)
7 (3.3%)
5 (2.3%)
5 (2.3%)
3 (1.4%)
3 (1.4%)
2 (0.9%)
1 (0.5%)

Course of neurological
deficits (N 90) after SRS

No recovery
Partial recovery
Full recovery
Worsened after SRS, no
recovery
Worsened after SRS, partial
recovery

24 (26.7%)
40 (44.4%)
18 (20.0%)
2 (2.2%)

10 (11.1%)

New deficits after SRS Overall
Facial palsy (full recovery)
Monoparesis (partial recovery)
Coordination (full recovery)
Visual field deficits (no & partial
recovery)
Aphasia (partial recovery)
Hemisyndrome (partial recovery)
Cognitive deficits (partial
recovery)
Fatigue (full recovery)

11 (5.1%)
1
1
2
3

1
1
1

1
Death AVM related

Non-related to AVM
2 (0.9%)
4 (1.9%)
March 2021 | Volume 1
When not otherwise indicated, frequencies are presented as n (%). AVM, arteriovenous
malformation; IQR, interquartile range; SRS, stereotactic radiosurgery.
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unruptured AVMs treated with the frameless CyberKnife
SRS system.

After 3 years of follow-up, we found an overall complete
obliteration rate of 47.4%. This obliteration rate is consistent
with data on Gamma Knife and LINAC-based SRS, where
obliteration rates between 30% and 58% were achieved (4, 32–
36). The obliteration rate observed in our study must be placed in
the context of an unfavorable patient selection with particularly
difficult to treat AVMs, including a higher proportion of
Spetzler-Martin grade IV to VI AVMs (45.1%) compared to
other series (7.5%–22%) (4, 32–36).

Most larger studies on SRS treatment of cerebral AVMs were
carried out on Gamma Knife and LINAC systems, while the
literature on AVM treatment by CyberKnife is sparse. We
found three studies with rather small sample sizes of less than
30 patients that had obliteration rates between 66% and 78%
(37–39). One larger study evaluating the three-year outcome of
102 patients treated with CyberKnife SRS (40) found an
obliteration rate of 71.5%, which was higher than ours.
However, they mainly investigated the treatment efficacy
of small AVMs (79% Spetzler-Martin grades I to II, 21%
Spetzler-Martin grades III and IV) and did not consider
obliteration dynamics, thereby attributing late complete
obliteration the same importance as early obliteration. Late
complete obliteration could be problematic due to the risk of
dangerous rebleeding in the latency period (5).

Regarding safety, the annual hemorrhage incidence after SRS
in our treatment cohort was low (1.3%). This is comparable with
previously published literature on SRS with hemorrhage rates
between 1.3% and 4.9% (4–6, 33, 36, 41). Of note, the yearly
hemorrhage incidence was markedly lower compared to the
medical arm of the ARUBA trial, where it was 2.2% (25).

During the follow-up period, 73.7% of neurological deficits
before SRS either completely or partially resolved after treatment,
which was comparable to other studies, which report a partial or
full recovery rate around 70% (41).
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New neurological deficits occurred in 11 (5.1%) patients,
while seven of those were attributed to new hemorrhage.
Similarly, two deaths after SRS were secondary to hemorrhage
from the treated AVM. The rate of new neurological deficits was
comparable to a large meta-analysis on SRS treatment of cerebral
AVMs, where it was 8% (42).

Headache was found to be the most prevalent presenting
symptom (28.8%) in our study and this proportion was similar to
many other AVM studies (33, 36, 40, 42). While 14% of our
cohort presented with symptomatic epilepsy before SRS, 13.5%
additional patients developed new seizures after SRS. The rate of
symptomatic epilepsy at presentation varies in the literature and
ranges between 12% and 47% (25, 33, 36, 40–42). New onset of
symptomatic epilepsy after SRS ranged between 3% and 10% in
other studies (33, 43).

In multivariate analysis, only Spetzler-Martin grade remained
an independent predictor of the obliteration status, as has equally
been shown in other series (36). The fact that Spetzler-Martin
grade is calculated based on AVM size, draining vein status and
eloquence sufficiently explains why AVM size alone was not an
independent predictor of obliteration.

While efficacy and safety of CyberKnife SRS of our data
compared favorably to the literature, our study has several
limitations. First, it was a retrospective study and therefore, no
statistical power analysis was conducted in advance. Second,
CyberKnife does not offer the possibility to coregister stereotactic
DSA images with the CT or MRA, making it impossible to
compare two patient cohorts with and without stereotactic DSA
as a planning basis.

In addition, some patients refused to obtain DSA imaging
during follow-up, mostly due to the invasiveness of the
procedure, which may introduce a bias in the rate of complete
obliteration. This is a common problem in clinical practice that
similarly occurred in other large studies on SRS treatment of
cerebral AVMs (32, 36, 40). To tackle this frequently observed
limitation, one study with 136 patients analyzed the diagnostic
TABLE 4 | Efficacy of CyberKnife radiosurgery.

Obliteration status 3 years after SRS in patients with ≥ 3 years follow-up (N 152) Value

No obliteration
Partial obliteration
Complete obliteration

6 (3.9%)
74 (48.7%)
72 (47.4%)

Univariate analysis Complete obliteration within 3 years (N 72) No complete obliteration within 3 years (N 80) P-Value
Spetzler-Martin grade
I
II
III
IV
V
VI

4 (5.6%)
21 (29.2%)
23 (31.9%)
10 (13.9%)
5 (6.9%)
9 (12.5%)

2 (2.5%)
10 (12.5%)
21 (26.3%)
18 (22.5%)
14 (17.5%)
15 (18.8%)

0.028

Radiosurgery-based AVM score 1.33 [1.02–1.63] 1.44 [1.19–1.86] 0.028
Dose, Gy 18 [17–21] 17 [16.5–19] 0.002
Target volume, cm³ 1.44 [0.52–4.46] 3.69 [1.51–7.89] < 0.001

Cox-regression multivariate analysis Odds ratio and 95% CI P-Value
Spetzler-Martin grade 2.21 [1.96–2.55] 0.006
March 2021 | Volume 10 | Art
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accuracy of MRA regarding AVM obliteration after SRS. They
showed a high sensitivity (85%) and specificity (95%) of MRA
(31). In addition there is increasing evidence from small studies
and case reports that newer time-resolved MRA sequences may
be equal or even be better to assess AVM obliteration, when
compared to DSA (44–47). While the scope of the present study
was not to systematically compare the performance of MRA to
DSA follow-up imaging, our obliteration and rebleeding rates
were comparable to the literature (as discussed above) which
speaks in favor of a correct assessment of obliteration, even in
patients who were followed up by MRI only. However, we still
advocate larger studies to systematically compare DSA with
Frontiers in Oncology | www.frontiersin.org 947
newer time-resolved MRA sequences in an effort to minimize
radiation exposure for patients and potentially overcome the
necessity of invasive DSA follow-up imaging in the future.
CONCLUSION

Non-invasive treatment planning, based on MRI and CT
angiography, with a frameless SRS robotic system is a safe and
effective treatment option in otherwise difficult to treat
intracranial AVMs.
A

B

C

FIGURE 4 | (A) Kaplan-Meier analysis of obliteration dynamics stratified by ARUBA-eligibility. (B) Kaplan-Meier analysis of obliteration dynamics stratified by previous
surgery. (C) Kaplan-Meier analysis of obliteration dynamics stratified by Spetzler-Martin grade.
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Although data on radiotherapy of AVMs is available, this is—
to the best of our knowledge—one of the largest series, focusing
exclusively on CyberKnife treatment.

Obliteration dynamics and rebleeding rates compare
favorably to conventional frame-based radiosurgery devices
with stereotactic DSA-guided approaches and thereby might
provide higher patient comfort, a less invasive treatment
option and lower radiation exposure.
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Radiotherapy (SBRT) Using
Spot-Scanning Proton Arc (SPArc)
Therapy: A Feasibility Study
Gang Liu1,2, Lewei Zhao2, An Qin2, Inga Grills2, Rohan Deraniyagala2, Craig Stevens2,
Sheng Zhang1, Di Yan2, Xiaoqiang Li2† and Xuanfeng Ding2*†

1 Cancer Center, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China,
2 Department of Radiation Oncology, Beaumont Health System, Royal Oak, MI, United States

Purpose: We developed a 4D interplay effect model to quantitatively evaluate breathing-
induced interplay effects and assess the feasibility of utilizing spot-scanning proton arc
(SPArc) therapy for hypo-fractionated lung stereotactic body radiotherapy (SBRT). The
model was then validated by retrospective application to clinical cases.

Materials and Methods: A digital lung 4DCT phantoms was used to mimic targets in
diameter of 3cm with breathing motion amplitudes: 5, 10, 15, and 20 mm, respectively.
Two planning groups based on robust optimization were generated: (1) Two-field Intensity
Modulated Proton Therapy (IMPT) plans and (2) SPArc plans via a partial arc. 5,000 cGy
relative biological effectiveness (RBE) was prescribed to the internal target volume (ITV) in
five fractions. To quantitatively assess the breathing induced interplay effect, the 4D
dynamic dose was calculated by synchronizing the breathing pattern with the simulated
proton machine delivery sequence, including IMPT, Volumetric repainting (IMPTvolumetric),
iso-layered repainting (IMPTlayer) and SPArc. Ten lung patients’ 4DCT previously treated
with VMAT SBRT, were used to validate the digital lung tumor model. Normal tissue
complicated probability (NTCP) of chestwall toxicity was calculated.

Result: Target dose were degraded as the tumor motion amplitude increased. The 4D
interplay effect phantom model indicated that motion mitigation effectiveness using SPArc
was about five times of IMPTvolumetric or IMPTlayer using maximum MU/spot as 0.5 MU at
20 mm motion amplitude. The retrospective study showed that SPArc has an advantage
in normal tissue sparing. The probability of chestwall’s toxicity were significantly improved
from 40.2 ± 29.0% (VMAT) (p = 0.01) and 16.3 ± 12.0% (IMPT) (p = 0.01) to 10.1 ± 5.4%
(SPArc). SPArc could play a significant role in the interplay effect mitigation with breathing-
induced motion more than 20 mm, where the target D99 of 4D dynamic dose for patient
#10 was improved from 4,514 ± 138 cGy [RBE] (IMPT) vs. 4,755 ± 129 cGy [RBE] (SPArc)
(p = 0.01).

Conclusion: SPArc effectively mitigated the interplay effect for proton lung SBRT
compared to IMPT with repainting and was associated with normal tissue sparing.
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This technology may make delivery of proton SBRT more technically feasible and less
complex with fewer concerns over underdosing the target compared to other proton
therapy techniques.
Keywords: lung, stereotactic body radiation therapy, spot-scanning, proton arc therapy, interplay effect
INTRODUCTION

Lung cancer remains a leading cause of cancer mortality in the
world (1). Compared to conventional radiotherapy, hypo-
fractionated stereotactic body radiotherapy (SBRT) has been
proved to improve local tumor control and survival rate for stage
I non-small cell lung cancer (NSCLC) patients (2–6). Taking
advantage of the unique beam characteristics, Bragg Peak, proton
beam therapy could offer a superior dose distribution compared to
photon radiotherapy technique in treating locally advanced lung
cancer (7). Recently, with the development of pencil beam scanning
(PBS) technology, intensity modulated proton therapy (IMPT)
offers the potentials to spare the adjacent normal tissues further
while maintaining similar or superior target coverage in a more
efficient way without using beam specific blocks or compensators
compared to passive scatter proton therapy (PSPT) (8–11).
However, such scanning technique is susceptible to the interplay
effect between proton spot scanning and respiratory induced
motion during dose delivery. It eventually leads to an inaccurate
dose delivery such as underdose targe or overdoses of the healthy
tissue during lung cancer treatment (12, 13). Several motion
management strategies were introduced to mitigate the interplay
effect, such as repainting, gating, and tracking (14–16), in which
volumetric or layer repainting technique has been widely adopted
by the proton clinic. With volumetric repainting, the dose delivered
during one full volume is equal to 1/N of the prescribed dose, where
N was the number of rescans (14). An alternative approach is called
iso-layered repainting, in which first delivered several rescans within
one energy plane before switching to the next plane with the dose
per spot being limited by a maximal MU value (17).

The concept of spot-scanning arc therapy (SPArc) technique was
introduced in 2016 to improve the dosimetric plan quality,
robustness, and delivery efficiency of proton beam therapy. The
technique demonstrated potential clinical benefits in several disease
sites or indications (18–23). Whether this novel technique has any
potential clinical benefits in the management of stage I non-small
cell lung cancer and whether it is robust enough to be implemented
in the hypo-fractionated lung SBRT has yet to be explored.
Therefore, we proposed a comprehensive study is to 1) to build a
lung SBRT model to evaluate the effectiveness of motion interplay
mitigation via SPArc quantitatively; 2) to validate the model using
clinical data sets and exploit the potential benefits.
MATERIALS AND METHODS

In Silico 4D Interplay Phantom Model
Due to the target deformation, motion, and imaging artifact in
the four-dimensional computed tomography (4DCT), it is
251
challenging to analyze the interplay effect quantitatively using
the patient dataset directly. Previous studies have suggested using
a digital lung cancer phantom as a surrogate (24, 25). By
introducing a digital phantom employed in a prior study, we
built an in silico 4D interplay phantom model to mimic patient’s
4DCT datasets while eliminating the artifact and target
deformation uncertainties (25). Since most lung tumor motion
happens in the superior-inferior (SI) direction (26), a set of
digital lung tumor phantoms 4DCT with different breathing
induced motion amplitudes (5, 10, 15, and 20 mm in SI
direction) were created (25, 27). The target was simulated
using a sphere 3 cm in diameter with 1.0 g/cc density (28),
close to the average target size measured in the patient group for
this study. The gross tumor volume (GTV) was contoured on the
lung window through the HU (Hounsfield unit) threshold at
each phase image. The internal target volume (ITV) was
generated by union GTVs at each phase.

Treatment Planning on the Phantom Model
5,000 cGy relative biological effectiveness [RBE] was prescribed
to ITV in five fractions SBRT with RBE = 1.1 for proton plans
and RBE = 1.0 for photon plans (29). Two-field IMPT plans were
generated using the single field optimization (SFO) technique via
lateral and posterior beams. SPArc plans were regenerated using
a partial arc from 180 to 30° clockwise with a sampling frequency
of 2.5°. Both planning strategies used the same robust
optimization on average CT with ±5% range and 5 mm setup
uncertainties corresponding to 21 scenarios in total with a 3 mm
dose grid. The minimum monitor unit (MU) threshold per spot
was 0.02 MU based on the IBA proton system (19, 23, 30, 31).
Similar objective constraints for organs at risk (OARs) were used
in both planning groups. All plans were normalized to guarantee
99% ITV was covered by the prescription dose. The SPArc
optimization algorithm starts from a multi-field IMPT with
coarse sampling frequency using the worst-case scenario robust
optimization and gradually resample the control point to achieve
a proton arc plan (18). The algorithm integrated the iterative
approaches includes (A) control point re-sampling; (B) control
point energy layers re-distribution; (C) energy layers filtration;
(D) energy layers re-sampling; and (E) spot number reduction by
filtration. Details of the algorithm are described by Ding and Li
et al. in 2016 (18).

Interplay Effect Evaluation
The 4D dynamic dose was calculated to assess the interplay effect
by synchronizing the breathing pattern with the simulated
proton machine delivery sequence (19, 32). To calculate a
single fraction 4D dynamic dose, the dose calculated on each
phase image was accumulated via the deformable image
April 2021 | Volume 11 | Article 664455
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registration to the reference phase (expiration end, phase 50%)
(19, 32). Ten different starting phases were simulated based on a
clinical 360-degree gantry machine parameter with one
revolution per minute (RPM) gantry rotation speed, 2 ms spot
position switching time, energy layer switching time (ELST) of
1 s, as well as a respiratory motion period of 4 s (19). GTV D99
was assessed along with target motion amplitude variation.

A Quantitative Interplay Effect Mitigation Evaluation
In this study, IMPT treatment delivery simulation using a
volumetric repainting technique was denoted as IMPTvolumetric,
and IMPT using an iso-layered repainting technique denoted as
IMPTlayer. To quantitatively evaluate the effectiveness of interplay
effect mitigation in lung SBRT, the single fraction 4D dynamic was
compared between SPArc without repainting and IMPTvolumetric,
with different numbers of volumetric repainting (rescanning three,
five, seven, and nine times respectively) and IMPTlayer with a series
of maximum MU per spot (from 0.1 to 1.3 MU per spot).

A Retrospective Dosimetric
Planning Study
Ten patients with stage I NSCLC previously treated with
volumetric modulated Arc therapy (VMAT) based SBRT at
our institution were selected. All patients received 4DCT
simulation using a helical CT scanner (Philips Brilliance Big
Bore, Philips Healthcare System, Cleveland, OH). The GTVs and
ITV were generated through the strategies described above as
well. The patient characteristics, including tumor location, tumor
size in diameter, and tumor motion, are listed in Table 1.

Treatment Planning in the Patient Dataset
The VMAT plans were generated using two to four partial arcs
(control point frequency as 4°) based on the Elekta HD with 6
MV. The VMAT plan optimization starts from a coarse sampling
of gantry position. New sample was added to achieve the desired
sampling frequency, in which the Multileaf collimator (MLC)
was linearly and gradually interpolated by the adjacent
samples (33).

Two-field IMPT and SPArc with partial arc plans were
generated, respectively. The prescription dose 5,000 cGy [RBE]
was prescribed to 99% of the ITV. For a fair comparison between
Frontiers in Oncology | www.frontiersin.org 352
photon technique and proton technique, robust optimization-based
ITVwas used considering the same setup uncertainties as 5mm, but
±5% range uncertainty was considered in proton planning.

Dosimetric Plan Quality Evaluation
The plan quality was evaluated based on the dose–volume
histograms (DVHs) of target volume and OARs in the
nominal plans. More specifically, all plans were compared for
target coverage using conformity index (CI, the target volume
covered by RX/the volume covered by RX). Dosimetric index for
normal tissue sparing or OARs such as the Dmax or D0.1cc for
the spinal cord, ribs and esophagus, Dmean for heart, ipsilateral
lung (excluding ITV) as well as chest wall (CW) V30 (the volume
received 3,000 cGy [RBE]) were evaluated by comparing SPArc
planning group to VMAT and IMPT group.

The integral dose (ID) of radiation delivered to the whole
patient body structure or external contour was analyzed (34).
The ID definition was as following:

ID Gy · Lð Þ = �D Gyð Þ · V Lð Þ (1)

where (Gy) is the mean dose delivered to volume V (L) (where
L—liter).

Patient-Specific Interplay Effect Evaluation
Each case’s interplay effect was evaluated based on the 4D
dynamic dose accumulation method mentioned in Interplay
Effect Evaluation (19, 32).

Potential Clinical Benefit in Chestwall and Ipsilateral
Lung Protection
Late chest wall toxicity after SBRT has been evaluated among
three treatment modalities in this study. The probability of chest
wall toxicity was calculated based on the odds ratios using the
dosimetric parameter chest wall V30 (the volume of chest wall
receiving 30 Gy) (35):

Probability   of  CW   toxicity   by  V30 ccð Þ

=
e −3:151 + 0:042*V30ð Þ½ �

1 + e −3:151 + 0:042*V30ð Þ½ � (2)
TABLE 1 | Patient characteristics.

No. Tumor Lobe Tumor Size (mm) Tumor Motion

SI (mm) RL (mm) PA (mm) Offset (mm)

1 RUL 17.0 1.6 1.0 0.2 1.9
2 LUL 33.0 5.0 1.0 3.0 5.9
3 LLL 19.0 5.0 3.0 1.0 5.9
4 LLL 13.0 5.0 2.0 3.0 6.2
5 LUL 22.0 4.0 3.0 4.0 6.4
6 RUL 30.0 5.0 3.0 3.0 6.6
7 RUL 20.0 7.0 4.0 4.0 9.0
8 RUL 32.0 7.0 4.0 5.0 9.5
9 LLL 20.0 10.0 1.0 3.0 10.5
10 LLL 32.0 22.0 4.7 1.9 22.6
Ap
ril 2021 | Volume 11 | A
SI, superior inferior; RL, right left; PA, posterior anterior; RUL, right upper lobe; LUL, left upper lobe; LLL, left lower lobe; RLL, right lower lobe. Offset = (SI2 + Rl2 + PA2)1/2.
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The incident of radiation pneumonitis for an ipsilateral lung
was calculated based on the Lyman–Kutcher–Burman (LKB)
model as following (36):

NTCP =
1ffiffiffiffiffiffi
2p

p
Z t

−∞
e−

x2

2 dx (3)

t =
D − TD50

m� TD50
(4)

where TD50 is the tolerance dose for a 50% complication
probability for uniform doses to the organ, and m is a
dimensionless parameter for determining the slope of the
complication probability according to the dose curve. And D
is the equivalent dose(EUD), which is the DVH to a single
dose value, representing the uniform dose that results in the
survival of an equal number of clonogens in a non–
homogeneously irradiated tumor. It is defined with the
formula as (36):

EUD = oN
i=1viD

a
i

� �1
a (5)

where Di is the dose for each bin in a differential DVH, vi is the
volume in a specific dose bin i, and N is the unequal fractional
sub-volume. The ‘a’ value is a parameter equal to 1/n, in which n
represents the volume dependence of the complication
probability. The parameter set for the lung tissue were taken
from Burman et al. (TD50 = 24.5 Gy, m = 0.18, and a = 0.87) (37,
38). According to the LQ model, the dose axis of the DVH was
re-scaled to the equivalent dose in 2 Gy per fractions and the
method described by Van den Heuvel with assuming a/b ratio of
3 Gy for the ipsilateral normal lung tissue (39, 40).

The dosimetric index from SPArc was utilized as a reference.
By comparing with two other treatment technologies (IMPT and
VMAT), the differences were assessed with a paired, 2-tailed
non-parametric Wilcoxon signed-rank test via SPSS 21.0
software (International Business Machines, Armonk, New
York), respectively, and p values less than 0.05 were considered
statistically significant.
RESULT

In Silico 4D Interplay Phantom Model
The Interplay Effect Evaluation
The study showed that the dose to target degraded as the tumor
motion amplitude increased in the IMPT planning, which was
agreed with the previous reports (16, 41, 42). Figure 1
displayed the target D99 in relationship with various motion
amplitudes. SPArc could significantly improve the target
coverage compared to IMPT through all the different motion
amplitudes, even without any repainting. More specially, the
average relative target D99 degradation via single fraction 4D
dynamic dose accumulation were 2.51 vs 0.00% (p <0.01),
4.01 vs 0.10% (p <0.01), 6.61 vs 1.29% (p <0.01), 8.40 vs
1.70% (p <0.01) for IMPT vs SPArc at different breathing
amplitude (5, 10, 15 and 20 mm), respectively.
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Comparison of Mitigation Effectiveness in the
Interplay Effect With Repainting IMPT
The motion interplay effect can be compensated by increasing
the total number of volumetric repainting or constraining the
maximum MU per spot using iso-layered repainting. The
single fraction 4D dynamic dose accumulation for target
D99 with the number of volumetric repainting times and
maximum MU per spot for the target motion 10 and 20 mm
was displayed in Figures 2A, B, respectively. At 10 mm target
motion amplitude, GTV D99 was 4,767 ± 63 cGy [RBE]
(p <0.01) in IMPT without repainting, which is less than
4,950 ± 41 cGy [RBE] in SPArc. IMPTvolumetric increased GTV
D99 to 4,959 ± 76 cGy [RBE] (p = 0.51) and 4,985 ± 66 cGy
[RBE] (p = 0.33) with three and five times of volumetric
repainting (Figure 2A); IMPTlayer increased GTV D99 to
4,931 ± 78 cGy [RBE] (p = 0.39) and 4,981 ± 66cGy [RBE]
(p = 0.11) with maximum MU per spot as 0.75 and 0.50 MU
respectively (Figure 2B), compared to SPArc. It is interesting
to find that SPArc is as effective as three to five times of
volumetric repainting IMPT or iso-layered repainting with
maximum MU per spot as 0.75 to 0.5 MU at 10 mm target
motion amplitude.

Moreover, in the target motion with 20 mm amplitude, GTV
D99 was 4,532 ± 180 cGy [RBE] (IMPT without repainting) vs
4,902 ± 94 cGy [RBE] (SPArc) (p = 0.01). SPArc was as effective
as five to seven times of volumetric repainting or iso-layered
repainting with maximum MU per spot as 0.7 to 0.4 MU in
IMPT for where GTV D99 received 4,896 ± 75 cGy [RBE] (p =
0.96) and 4,912 ± 26 cGy [RBE] (p = 0.65) for IMPT with
volumetric repainting five and seven times, respectively (Figure
2A). Meanwhile, GTV D99 reached as 4,841 ± 102 cGy [RBE]
(p = 0.09) and 4,929 ± 71 cGy [RBE] (p = 0.65) during
IMPTlayer with maximum MU per spot of 0.7 and 0.4 MU
(Figure 2B), respectively.
FIGURE 1 | Single fraction dynamic dose for target D99 along with different
motion amplitude from 5 to 20 mm.
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Retrospective Study Using Patient Dataset
Plan Quality Evaluation
Taking advantage of more degrees of freedom in the
optimization through arc(s) trajectory, VMAT and SPArc
planning groups demonstrated superior dose conformity to the
target. Isodose distributions of patient #10 for treatment plan
using VMAT (first column), IMPT (the second column), and
SPArc (the third column) was displayed in Figure 3.

SPArc improved CI from 0.31 ± 0.08 in IMPT to 0.38 ± 0.10
(p = 0.01). This feature allows SPArc to spare more OARs such as
spinal cord and ribs than IMPT. In addition, SPArc plans
significantly reduced the Dmean of the ipsilateral lung from
503 ± 1 76 cGy [RBE] to 418 ± 140 cGy [RBE] (p = 0.01) and
Dmax of ribs from 4,369 ± 978 cGy [RBE] to 4,151 ± 1,015 cGy
[RBE] (p = 0.02) compared to IMPT respectively. V30 of the
chest wall was significantly reduced from 30 ± 22 cc to 20 ± 14 cc
(p = 0.02) compared to IMPT (Table 2).

Compared to VMAT, SPArc significantly reduced the dose
to OARs listed in Table 2. More specially, SPArc significantly
reduced maximum dose to spinal cord: 1,026 ± 494 cGy [RBE]
(VMAT) vs 300 ± 530 cGy [RBE] (SPArc) (p = 0.01),
esophagus: 1,611 ± 1,361 cGy [RBE] (VMAT) vs 501 ±
1,565 cGy [RBE] (SPArc) (p <0.01), ribs: 4,770 ± 1,059 cGy
[RBE] (VMAT) vs 4,151 ± 1,015 cGy [RBE] (SPArc) (p =
0.01). In addition, SPArc significantly reduced the mean dose
of the ipsilateral lung from 659 ± 200 cGy [RBE] (VMAT) to
418 ± 140 cGy [RBE] (SPArc) (p = 0.01), and the mean dose of
heart from 288 ± 253 cGy [RBE] (VMAT) to 8 ± 11 cGy [RBE]
(SPArc) (p = 0.01). The chest wall V30 was also significantly
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reduced via SPArc plan from 60 ± 37 cc to 20 ± 14 cc (p <0.01).
The study also found that SPArc (16.13 ± 5.36 Gy·L)
significantly reduced ID comparing to both IMPT (18.40 ±
5.79 Gy·L, p = 0.01) and VMAT (38.38 ± 17.10 Gy·L, p = 0.01)
planning group.

Interplay Effect Evaluation in the Patient Population
The single fraction 4D dynamic dose accumulation showed that
target D99 was degraded due to the interplay effect in IMPT
without repainting (Figure 4) among the ten patients. Similar to
the 4D interplay phantom model, the retrospective study showed
a similar trend of target dose coverage degradation with increased
breathing-induced motion amplitudes. SPArc significantly
mitigated interplay effect compared to IMPT among cases
where breathing-induced motion cannot be ignored. Even
though the target’s motion and shape were complicated as
these parameters are patient-specific, the patient cases’ trend
was consistent with the 4D interplay phantom study
(Comparison of Mitigation Effectiveness in the Interplay Effect
With Repainting IMPT) when the amplitudes of breathing
induced motion is large (Figure 4). More specifically, the target
D99 of 4D dynamic dose was 4,514 ± 138 cGy [RBE] (IMPT
without repainting) vs 4,755 ± 129 cGy [RBE] (SPArc) (p = 0.01)
fort the patient #10.

The Probability of Chest Wall Toxicity and
Radiation-Induced Pneumonitis
Due to SPArc significantly spared chest wall better than both
IMPT and VMAT. The consequence clinic benefit was obvious,
A

B

FIGURE 2 | Single fraction 4D dynamic dose comparison between SPArc (green) and (A) different number of volumetric repainting times IMPTvolumetric, and
(B) IMPTlayer with different maximum MU per spot.
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where the probability of CW toxicity were improved from 40.2 ±
29.0% (VMAT) (p = 0.01) and 16.3 ± 12.0 (IMPT) (p = 0.01) to
10.1 ± 5.4% (SPArc).
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All three treatmentmodalities were able to spare ipsilateral lung
tissue well. The corresponding incidence of radiation pneumonitis
was fairly low, all of them were approximate to 0% on average.
FIGURE 3 | Isodose distributions of patient #10 for treatment plan using VMAT (first column), IMPT (the second column), and SPArc (the third column). The green
contour represents ITV. 100% dose is equal to prescription dose.
TABLE 2 | Dosimetry results for the three planning modalities

VMAT SPArc IMPT p value VMAT vs SPArc p value IMPT vs SPArc

Spinal Cord Dmax (cGy) [RBE] 1,026 ± 494 300 ± 530 338 ± 604 0.01 0.35
Ipsilateral lung Dmean (cGy) [RBE] 659 ± 200 418 ± 140 503 ± 176 0.01 0.01
Cheat Wall V30 (cc) 60 ± 37 20 ± 14 30 ± 22 <0.01 0.02
Heart Dmean (cGy) [RBE] 288 ± 253 8 ± 11 8 ± 9 0.01 0.83
Esophagus Dmax (cGy) [RBE] 1,611 ± 1,361 501 ± 1,565 541 ± 1,576 <0.01 0.16
Ribs Dmax (cGy) [RBE] 4,770 ± 1,059 4151 ± 1,015 4,369 ± 978 0.01 0.02
ID(Gy·L) 38.38 ± 17.10 16.13 ± 5.36 18.40 ± 5.79 0.01 0.01
CI 0.39 ± 0.12 0.38 ± 0.10 0.31 ± 0.08 0.54 0.01
The probability of CW toxicity(%) 40.2 ± 29.0 10.1 ± 5.4 16.3 ± 12.0 0.01 0.01
April 2021 | Vo
ID, integral dose; CW, chest wall.
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DISCUSSION

This is the first study to explore the feasibility of using SPArc in
hypo-fractionated treatment in mobile targets and its potential
clinical benefits in lung SBRT. We quantify the effectiveness of
using SPArc to mitigate the motion interplay effect using digital
4D lung cancer phantom and validate the model through a
retrospective dosimetric study. The result confirmed the previous
report that the interplay effect led to a deterioration of the dose
distribution (16, 41, 42). The larger amplitude in motion, the
more deterioration in the target coverage. Such a trend was
consistent within the retrospective dosimetric study findings in
the ten patient cases (Figure 4), even though the tumor shape,
size, 3-dimentional tumor motion, and density variation during
the breathing cycle were complicated for the patient population.
For the patient group with 6 mm <target offset ≤10 mm, the
target D99 degradation was 3.36 ± 0.55% on average for IMPT,
and 2.05 ± 0.53% SPArc. Thus, it indicated that SPArc or
IMPT with repainting was preferred to lung SBRT rather than
IMPT alone without repainting. When the target offset >10 mm,
the relative target dose D99 degradation was greater than 3% in
both phantom and patient cases, indicating that IMPT poses a
potential risk in missing part of the target in lung SBRT. In
contrast, SPArc could mitigate the target dose degradation
caused by interplay effect well in the 4D phantom model. The
phantom study indicated that SPArc is as effective as five times of
volumetric repainting IMPT in terms of interplay effect
mitigation at 10 mm target motion amplitude. Only SI
directional and rigid motion being considered in 4D phantom
model, it required further investigation since 3D motion and
complicated shape changes occurred for the clinical patients.
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Despite the effectiveness of motion interplay mitigation SPArc
offered was compromised in the patient group, it was
significantly superior to IMPT without repainting.

The previous study indicated that repainting might not be
needed whenmultiple filed are applied with target amplitude up to
6 mm, because dose blurring effects appear negligible between
standard delivery and repainting technique (43). A similar
phenomenon was observed in our study as well, where the
interplay effect between SPArc and IMPT is very close with
target motion less than 6 mm. Additionally, Knopf et al. also
demonstrated that IMPT with multiple beams was able to mitigate
the interplay effect for targets with large motion amplitude (43),
which was confirmed in our study. Our result indicated that SPArc
plan could offer superior interplay effect mitigation through
applying many beam angles via arc trajectory for the target
motion more than10mm, compared to IMPT with two beams.

Lung SBRT for Stage I NSCLC is a highly effective treatment
that is being increasingly utilized (4, 44, 45). Lung SBRT is
characterized by using a hypo-fractionated treatment course with
a biological equivalent dose of at least 100 Gy. Proton lung SBRT
offers increased conformality compared to photon lung SBRT;
however, there is uncertainty in tumor coverage mainly due to
the interplay effect. Thus, proton lung SBRT commonly has been
described with passive scattering techniques typically using at
least ten fractions (46, 47). Chen et al. reported on using lung
SBRT with IMPT with a few patients receiving eight fractions,
although the majority had at least ten fractions (48). This study
indicated that SPArc’s ability to mitigate the interplay effect
could improve the normal tissue toxicity while also providing the
means to use three to five fraction regimens commonly used with
photon SBRT. Even single fractions of photon lung SBRT were
FIGURE 4 | Single fraction dynamic dose for target coverage D99 for ten patients.
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shown in RTOG 0915 to have comparable efficacy and toxicity to
four fractions (48, 49). The logistical and financial benefits of
hypofractionation are attractive in this population of patients
with multiple medical comorbidities. SPArc’s increased
robustness enables the use.

Other motion management strategies such as passive pressure
technique, gating, the breath-hold approach could be implemented
in the clinical practice, but these procedures prolong treatment
time, which causes additional intra-fractionation motion or setup
uncertainties (50). This study demonstrated that SPArc could
effectively mitigate motion interplay. This new finding of
utilizing SPArc to mitigate the interplay effect opens a new
direction of motion management strategy by increase the degree
of freedom such as arc(s) trajectory to effectively reduce the
dosimetric impact from each beam’s direction. More specifically,
for patient #10, where the breathing-induced motion exceeds 2 cm,
the effectiveness of interplay effect mitigation of using SPArc
technique reached five times of IMPT with volumetric repainting
or IMPT using iso-layered repainting with maximumMU per spot
as 0.5 MU at most, in which the corresponding GTV D99 were
4,822 ± 98 cGy [RBE] (p = 0.39) and 4,854 ± 86 cGy [RBE] (p =
0.14) (Figures 5A, B).

In general, SBRT is associated with a low incidence of acute
and late toxicity. However, late chest well toxicity such as chest
pain has been reported, typically mild to moderate. Moreover,
chest wall pain commonly occurs with a median time of onset of
greater than six months after the treatment. This study shows that
SPArc has significantly spared the chest wall V30. Consequently,
Frontiers in Oncology | www.frontiersin.org 857
the probability of CW toxicity was improved considerably from
40.2 ± 29.0% (VMAT) (p = 0.01) and 16.3 ± 12.0% (IMPT) (P =
0.01) to 10.1 ± 5.4% (SPArc), which would improve the
probability of chest wall toxicity and patient’s life quality.
CONCLUSION

A 4D interplay digital phantom model for mobile lung target was
established to evaluate the effectiveness of interplay effect
mitigation quantitatively. SPArc, as a novel proton treatment
technique, could significantly reduce the dosimetric impact from
the interplay effect and potentially reduce the Chestwall pain in
lung SBRT.
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Background: Ependymomas are rare neoplasms of the central nervous system (CNS),
usually localized intracranially and most commonly diagnosed in children. Spinal
ependymomas are more frequent in young adults. They are either primary lesions or
manifest as disseminated seeding of cranial tumors. Data on the management of spinal
ependymoma lesions remain scarce, especially concerning stereotactic radiosurgery
(SRS) and stereotactic body radiation therapy (SBRT). The purpose of this study is to
report the treatment outcomes of two institutions using robotic radiosurgery (RRS) for the
treatment of spinal ependymomas.

Materials andMethods: All patients with a histopathologically confirmed diagnosis of an
ependymoma WHO grade II or III who were treated with RRS for one or more spinal
lesions were included in this analysis.

Results: Twelve patients underwent RRS for the treatment of 32 spinal ependymoma
lesions between 2005 and 2020. Two patients were below the age of 18 when treated,
whereas nine patients (75%) suffered from a primary spinal ependymoma. The median
dose was 15 Gy prescribed to a median isodose of 70%, with 27 lesions (84%) receiving a
single-session treatment. The local control (LC) after a median follow-up of 56.7 months
was 84%. LC rates at 1, 3, and 5 years were 92, 85, and 77%, respectively. The Kaplan-
Meier estimated overall survival after 1, 3, and 5 years were 75, 75, and 64%, respectively.
Five patients died, all of them suffering from an anaplastic ependymoma, with widespread
CNS tumor progression being the reason for death in four patients. The majority of
patients (58%) showed a stable neurological status at the last available follow-up. Overall,
the treatment was well tolerated.
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Conclusion: RRS appears to be a safe and efficient treatment modality for managing
primary and secondary spinal ependymal tumors in patients with multiple lesions and
local recurrences.
Keywords: ependymoma, ependymal tumors, radiosurgery, SBRT, spine, CyberKnife
INTRODUCTION

Ependymomas or ependymal tumors are rare neoplasms of the
central nervous system (CNS) and of neuroectodermal origin
(1, 2). With an estimated annual incidence of 0.43 per 100.000
and year, this tumor entity accounts for 1.7% of all primary CNS
tumors (3). Ependymomas are more commonly found in
children and young adults, where they represent 4.7% of all
CNS tumors (3). These tumors arise from the ependymal lining
of the cerebral ventricles, choroid plexus, and central canal of the
spinal cord. Locally distinct radial glia cells of the subventricular
zone are supposed to be the cells of origin of ependymoma.
Spinal ependymomas are more commonly found in young
adults, whereas most of the ependymal tumors in children are
intracranially located (3–5). Today, nine distinct molecular
subgroups based on DNA methylation patterns have been
identified, which may guide and advance personalized
therapies (1, 6, 7). Today, the mainstay of treatment is the
gross total surgical tumor resection as recommended by the
European Association of Neuro-Oncology (EANO) (1).
Depending on the World Health Organization (WHO)
grading, location, and extent of surgical resection, adjuvant
radiotherapy and chemotherapy are further components of the
multimodal treatment (1, 8). In patients with poor Karnofsky
Performance Status (KPS), tumor relapses, widespread disease,
and multiple spinal lesions, surgery and conventional
radiotherapy may not be repeatable or feasible (1, 2).
Stereotactic radiosurgery (SRS) and stereotactic body radiation
therapy (SBRT) may be salvage treatment options and help to
stop local tumor progression - at least temporarily (9–11).
Information on the treatment outcomes after SRS and SBRT
for ependymal tumor lesions are scarce, especially concerning
spinal ependymomas and robotic radiosurgery (RRS) (10, 12,
13). To the best of our knowledge, only two other reports
dedicated to spinal ependymomas are available in the English
literature to date (10, 13). Herein, we report the 15-year
institutional experience of two treatment centers, including
results on local tumor control, treatment characteristics,
survival outcomes, and adverse events (AE).
MATERIALS AND METHODS

All patients who were treated at two institutions for a spinal
ependymal tumor between 2005 and 2020 were included in this
retrospective analysis. Only patients with a histopathological
ependymoma diagnosis, including grading according to the
WHO CNS tumor classification, were eligible. Indication for
RRS was confirmed by an interdisciplinary neurooncological
261
tumor board involving neurosurgeons, neuroradiologists,
neuropathologists, and radiation oncologists. Medical history,
including pretreatments, treatment plans, neurological deficits,
imaging data, and histology, were either stored in a dedicated
radiosurgical database or hospital records (14). All patients
underwent image-guided RRS using a CyberKnife® robotic
radiosurgery system (Accuray Inc., Sunnyvale, CA, USA).
Patients only undergoing biopsy for histological confirmation
were classified as non-surgical cases. For treatment delivery,
contrast-enhanced computed tomography (CT) and magnetic
resonance imaging (MRI) scans were acquired for every patient
and subsequently overlaid for inverse treatment planning with
changing versions of proprietary planning software (MultiPlan,
Precision, Accuray Inc., Sunnyvale, CA, USA). Local tumor
response, clinical symptoms, and AE were evaluated clinically
and by MRI assessment every three months for the first year, then
every six months during follow-up or depending on the patients’
status and clinical suspicion for tumor progression. The Kaplan-
Meier estimate was applied for the respective analyses on the
length of local control (LC) and overall survival (OS). LC was
defined as an unchanged or decreased tumor volume on follow-up
imaging, whereas local failure was defined as an increased tumor
volume during follow-up. AE were assessed by the clinical notes of
the respective physician and available imaging data. Data were
tested for normal distribution by the Shapiro-Wilk test and
graphical appearance, including skewness and kurtosis.
Normally distributed continuous variables were analyzed with
the unpaired student’s t-test, non-normally distributed data with
the Wilcoxon rank-sum test. All p-values were two-sided and
statistical significance was defined as p<0.05. Statistical analyses
were performed with STATAMP 16.0 (StataCorp, College Station,
TX, USA). This study was approved by the institutional review
board of the Ludwig-Maximilians-University Munich (20-
256 KB).
RESULTS

Patients and Treatment Characteristics
Twelve patients with 32 spinal ependymoma lesions between
2005 and 2020 were included in this analysis. The majority of
patients were male (67%). Two patients (17%) were below the
age of 18 when treated, with a median age of 34.9 years at the
time of RRS. Before treatment, four (33%) patients did not show
any symptoms, whereas the remaining eight suffered mostly
from motoric weakness or paralysis (58%) and sensory deficits
(41%). Most of the treated lesions were located in the thoracic
spine (56%), with RRS being the primary treatment modality for
the majority of all lesions (59%). Eight treated lesions (25%) were
April 2021 | Volume 11 | Article 654251
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local recurrences, and five (16%) received adjuvant RRS after
incomplete surgical resection. Before RRS, four patients had
received multiple cycles of systemic treatments. No patients
received chemotherapy during RRS treatment. Nine patients
(75%) suffered from a primary spinal ependymoma, whereas
the remaining three had a primary ependymal intracranial tumor
before developing spinal tumor lesions. The intracranial tumors
were initially located in the fourth ventricle, the cerebellum, and
the parietal as well as occipital lobes. All patients underwent at
least one biopsy or surgical resection of a tumor lesion for
histopathological examination. According to the WHO
classification of CNS tumors, seven ependymomas (66%) were
grade II, with the remaining five being classified as anaplastic
ependymomas (grade III). No patient suffered from
neurofibromatosis. The median KPS before RRS was 80%,
ranging from 30 to 100%. The overall median prescription
dose was 15 Gray (Gy), either delivered in a single fraction
(range 10 to 16.5 Gy) or three fractions (range 21 to 24 Gy).
WHO grade III tumors received doses ranging from 10 to 24 Gy,
whereas grade II tumors received doses between 14 and 16.5 Gy.
The median prescription isodose was 70%. Twenty-seven of the
32 lesions (84%) were treated with one fraction, the remaining
five lesions (16%) of two patients received three fractions. The
median irradiated tumor volume was 0.37 cc, ranging from 0.03
cc in a primarily resected lesion to 2.89 cc in an unresected tumor
lesion. The patient and treatment characteristics are summarized
in Table 1.
Frontiers in Oncology | www.frontiersin.org 362
Local Outcome and Survival Data
The median follow-up time was 56.7 months, ranging from 3.2 to
104.2 months. At the last available follow-up, 27 of the 32 treated
lesions were controlled, leading to a local control (LC) rate of
84%. The LC rates after 12, 36, and 60 months were 92%, 85%,
and 77%, respectively (Table 2, Figure 1). The median time to
local failure was 28 months. The five local recurrences after RRS
occurred in four patients, with three (75%) of them suffering
from an anaplastic ependymoma. No significant differences were
observed between locally controlled and uncontrolled lesions in
regard to dose, prescription isodose, fractions, or tumor volume
due to the limited number of events. At the last available follow-
up, five (42%) patients had died after a median time of seven
months. All were suffering from an anaplastic ependymoma,
with widespread CNS tumor progression being the reason for
death in four patients. Three of these four tumor-associated
deaths occurred in male patients. One patient died from tumor-
unrelated causes. The overall survival rates at 12, 36, and 60
months were 75%, 75%, and 64%, respectively (Table 2, Figure 2).
Of the four patients who had not shown symptoms before
treatment, two remained stable throughout the follow-up, with
the remaining two experiencing onsets of new symptoms
(unsteady gait and back pain). The remaining eight patients
TABLE 1 | Patient and treatment characteristics.

Number of patients 12
Number of lesions 32
Gender (male/female) 8 4
% 67 33

Median Mean Range
Age (years) 34.9 35.1 13.7 – 71.3
Pretreatment Karnofsky
Performance Status (%)

80 80 30 – 100

Follow-up (months) 56.7 55.7 3.2 – 104.2
Tumor volume (cc) 0.37 0.58 0.03 – 2.89
Number of fractions 1 1.3 1 – 3
Dose (Gy) 15 15.6 10 – 24
Prescription isodose (%) 70 71.8 70 – 85
Conformity index 1.32 1.43 1.04 – 2.67
Homogeneity index 1.43 1.39 1.18 – 1.43
Coverage 97.3 93.7 76.0 – 99.9
RRS indication Primary

treatment
Recurrence Adjuvant

treatment
Number of lesions 19 8 5
% 59 25 16
Tumor location Cervical Thoracic Lumbar
Number of lesions 10 18 4
% 31 56 13
Tumor grading (WHO) II III
Number of patients 7 5
% 58 42
Symptoms None Dysesthesia/

hypesthesia
Weakness/
paralysis

Number of patients 4 5 7
% 33 41 58
cc, cubic centimeter; Gy, Gray; WHO, World Health Organization.
TABLE 2 | Local control and overall survival data.

Variable Time (in months) %

LC 12 92.8
24 92.8
36 85.9
48 77.3
60 77.3

OS 12 75.0
24 75.0
36 75.0
48 64.2
60 64.2
April 2021 | Volume 11 | Article 65
LC, local control; OS, overall survival.
FIGURE 1 | Local control.
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mostly presented with an unchanged neurological status
(5 patients, 62%), with two patients (25%) showing progressing
clinical deficits. One patient (12%) who suffered from ataxia fully
recovered after treatment and remained symptom-free. The
treatment was well tolerated in the majority of patients. One
patient who was treated for four lesions in the thoracic spine
developed edema at the treatment sites shortly after RRS. He was
successfully treated with glucocorticoids. No treatment-related
deaths, bleedings, radiation necrosis, or radiation-induced
malignancies have been observed.
DISCUSSION

To the best of our knowledge, we report the most extensive series
of radiosurgically treated spinal ependymal tumors. With most
of the available SRS and SBRT data for ependymomas focusing
on intracranial lesions, outcome data for spinal treatments
remain sparse (10–12, 15–18). Moreover, the majority of
previous studies on SRS utilized GammaKnife (GK)- or
conventional linear accelerator (LINAC)-based radiosurgery
(11, 12, 15–17, 19–21). Previous studies analyzing SRS and
SBRT for intracranial and spinal ependymal tumors observed
LC rates typically ranging between 60 and 80% (10, 13, 15, 16,
19–22). It is important to note that previous and the current
study populations are heterogeneous, especially concerning age,
tumor location, and previous treatments, including the degree of
upfront surgical resection. This limits the comparability of the
current study and past analyses. Nevertheless, our observed LC
of 84% at the last available follow-up is a plausible finding. Shi
et al. and Ryu et al. both analyzed cases treated at Stanford
University and reported on the radiosurgical treatment of spinal
ependymal lesions (10, 13). A total of 13 spinal lesions in 9
patients were treated with RRS in both studies, leading to a LC of
92% (10, 13). Notably, both studies had a shorter median follow-
up and sample size than in the current series, which may account
Frontiers in Oncology | www.frontiersin.org 463
for the better results besides varying upfront treatments and the
inclusion of intracranial treatments (12 and 54 months vs. 56.7
months) (10, 13). Both studies showed a favorable risk profile
(10, 13). Our treatments were also well tolerated, and no severe
AE were observed throughout the available follow-up.

Concerning the clinical outcomes, Ryu et al. reported
improvement of the two treated patients (13). In contrast, Shi
et al. did not report clinical outcomes after treatment (10).
Herein, we observed stabilization of pretreatment deficits in
most patients. Yet, four patients had either progressive
symptoms (two) or developed new neurological deficits (two).
Together with our results, RRS appears to be an effective and safe
local treatment modality to limit spinal tumor progression and
further neurological decline in most cases. Despite the limited
sample size and patient heterogeneity, these findings may help to
delay or avoid craniospinal irradiation (CSI) or repeated
fractionated radiotherapy and associated AE in selected
patients (23–26). In regard to the general management of
intracranial and spinal ependymoma patients, the EANO have
published its recommendations and guidelines in 2017 (1). In
case of the spinal ependymoma recommendations, the use of SRS
or SBRT is not endorsed and remains unclear, most likely due to
the lack of available data and studies (1, 12). On the other hand,
fractionated radiotherapy is currently recommended as an
adjuvant treatment modality after complete (WHO grade III)
and incomplete (WHO II and III) surgical resection in this
patient subgroup, with doses ranging from 54 to 59.4 Gy (1).
With the increasing availability of SRS and RRS, the number of
spinal ependymal treatments may increase and help to clarify its
role in the management of this challenging patient group.

Survival of patients with ependymal tumors seems to be mainly
dependent on DNA methylation profiles, the extent of surgical
resection, and 1q gain (6, 7). Given the recent identification of
these genetic parameters and the rarity of the tumor, large
prospective validations are lacking (1, 6, 7). Previous studies
identified differing predictors of OS and progression-free survival
(PFS), including the extent offirst surgical resection,WHO grade III,
intracranial tumor location as well as age, gender and tumor volume
at the time of reirradiation (11, 27, 28). Our study cohort mainly
consisted of adult patients (83%), with most of them suffering from a
primary spinal ependymoma (75%). This subgroup of patients is
known to have a more favorable outcome compared to pediatric
patients with intracranial tumors (6, 7, 28). However, all four patients
who succumbed to their ependymal tumors in this series were
diagnosed with an anaplastic ependymoma (WHO grade III), with
two of them suffering from a primary spinal ependymal tumor.
Despite the small sample size, one may conclude that anaplastic
histopathological features have an impact on OS. This finding is in
agreement with previous studies (27, 28). However, DNA
methylation data are lacking in our patients, limiting comparability
and risk stratification beyond the WHO classification. Further
limitations of this study include the retrospective nature, patient
heterogeneity, small sample size, and a potential sampling bias. All
these factors may limit the drawn conclusions of this study.
Nevertheless, this study provides more evidence on the efficacy
and safety of RRS for spinal ependymomas.
FIGURE 2 | Overall survival.
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CONCLUSION

Spinal ependymal tumors may be efficiently treated with RRS,
especially in patients with multiple lesions and local recurrences
after surgical resection and adjuvant radiotherapy. Most lesions
remained controlled, and the treatment was well tolerated.
Further neurological decline was prevented in the majority of
patients. RRS may be a preferable, time-saving, and non-invasive
treatment modality for selected patients.
DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from
the corresponding author, FE, upon reasonable request.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Review Boards of the Ludwig-
Frontiers in Oncology | www.frontiersin.org 564
Maximilians-University Munich and Charité – Universitätsmedizin
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Aim: To investigate the efficacy and safety of stereotactic body radiotherapy (SBRT)
targeting the primary tumor for liver-only oligometastatic pancreatic cancer.

Methods: We compared the efficacy and safety of SBRT plus chemotherapy with
chemotherapy alone in patients with liver-only oligometastatic pancreatic cancer. The
populations were balanced by propensity score-weighted and propensity score-matched
analyses based on baseline variables. The primary outcome was overall survival (OS). The
secondary outcomes included progression free survival (PFS), local progression,
metastatic progression and symptomatic local control.

Results: This is a retrospective study of 89 pancreatic cancer patients with liver-only
oligometastasis. Overall, 34 (38.2%) and 55 (61.8%) patients received SBRT plus
chemotherapy and chemotherapy alone, respectively. After propensity score matching,
1-year OS rate was 34.0% (95%CI, 17.8-65.1%) in the SBRT plus chemotherapy group
and 16.5% (95%CI, 5.9-46.1%) in chemotherapy alone group (P=0.115). The 6-month
PFS rate was 29.4% (95%CI, 15.4-56.1) in SBRT plus chemotherapy and 20.6% (95%CI,
8.8-48.6) in chemotherapy alone group (P=0.468), respectively. Further subgroup
analysis indicated that the addition of SBRT improved OS in patients with primary
tumor located in the head of pancreas (stratified HR, 0.28; 95% CI, 0.09 to 0.90) or
good performance status (stratified HR, 0.24; 95% CI, 0.07 to 0.86). In terms of disease
control, SBRT delayed local progression of pancreas (P=0.008), but not distant metastatic
progression (P=0.56). Besides, SBRT offered significant abdominal/back pain relief
(P=0.016) with acceptable toxicities.

Conclusions: The addition of SBRT to chemotherapy in patients with liver-only
oligometastatic pancreatic cancer improves the OS of those with primary tumor located
in the head of pancreas or good performance status. In addition, it is a safe and effective
method for local progression control and local symptomatic palliation in patients with
metastatic pancreatic cancer.

Keywords: pancreatic cancer, metastasis, stereotactic body radiotherapy, CyberKnife, pain
May 2021 | Volume 11 | Article 659987166

https://www.frontiersin.org/articles/10.3389/fonc.2021.659987/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.659987/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.659987/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.659987/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:chencheng1289@126.com
mailto:chuxiaoyuan000@163.com
https://doi.org/10.3389/fonc.2021.659987
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.659987
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.659987&domain=pdf&date_stamp=2021-05-27


Ji et al. SBRT to Metastatic Pancreatic Cancer
INTRODUCTION

Pancreatic cancer has an extremely poor prognosis with a 5-year
survival rate of 9% (1). Since the disease presents few, if any,
symptoms before it progresses to advanced stage, approximately
80-85% of patients present with Stage III or IV disease at the time
of initial diagnosis (2, 3). For metastatic pancreatic patients, the
5-year overall survival (OS) rate is extremely low (about 3%) (1).
Systemic chemotherapy combinations, including FOLFIRINOX
(5-fluorouracil, folinic acid, irinotecan, and oxaliplatin) and
gemcitabine plus nab-paclitaxel (GT), have emerged as
standards of care of front-line therapy, increased survival with
a median of 11.1 and 8.5 months, respectively (4, 5). In addition,
the exploration of immunotherapy and targeted therapy has
provided new treatments for these patients (6–9).

The innervation of pancreatic tissue composes the network of
sympathetic and parasympathetic systems, yielding an increase
in pain sensitivity (10). In most patients with pancreatic cancer,
local tumor progression often cause severe symptoms, including
abdominal and back pain, biliary obstruction, and pancreatic
insufficiency, which severely affect patients’ quality of life (2, 6).
Some studies indicate that radiation therapy has shown efficacy
in improving local control, delaying disease progression and
ameliorating local symptoms for pancreatic cancer (11, 12).

Additionally, the locally destructive growth of primary tumor
was a significant cause of death for many patients with pancreatic
cancer (13). Therefore, local treatment may reduce primary
tumor burden and provide better disease control, thereby
improving clinical outcomes. You et al. reported that
locoregional radiotherapy added to chemotherapy significantly
improves OS in chemotherapy-sensitive patients with metastatic
nasopharyngeal carcinoma (14). Rusthoven et al. utilized the
National Cancer Database (NCDB) and found that compared
with androgen deprivation alone, the addition of prostate
radiotherapy substantially prolonged the OS of men with
metastatic prostate cancer (15). Parker et al. reported that
radiotherapy to the primary tumor did not improve OS in
patients with newly diagnosed metastatic prostate cancer, but
improved failure-free survival (16). Local failure is not a
common cause of death in prostate malignancy. However, local
progression in pancreatic cancer patients may have significant
morbidity and mortality. Thus, in patients with mestastatic
pancreatic cancer, radiation therapy targeting the primary
tumor may have a different rationale. In the last few years,
stereotactic body radiotherapy (SBRT) has emerged as a local
treatment for pancreatic cancer with local control rate exceeding
90% at 1 year (17, 18). However, there is few research on the
Abbreviations: SBRT, stereotactic body radiotherapy; PFS, progression-free
survival; OS, overall survival; CA19–9, carbohydrate antigen 19–9; CT,
computed tomography; MRI, magnetic resonance imaging; 18F-FDG-PET/CT,
18-fluorodeoxyglucose positron emission tomography/computed tomography;
ECOG, Eastern Cooperative Oncology Group; GTV: gross tumor volume; CTV,
clinical tumor volume; PTV, planning tumor volume; BED, biological effective
dose; Gy, gray; IPTW, inverse probability of treatment weight; SMD, standardized
mean difference. S-1, the prodrug of 5-fluorouracil comprising tegafur, gimeracil,
and oteracil; GT, gemcitabine and nab-paclitaxel; GS, gemcitabine and S-1;
Gemox, gemcitabine plus oxaliplatin.
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application of SBRT to the primary tumor for metastatic
pancreatic cancer.

In this study, we retrospectively investigated the efficacy and
safety of SBRT to primary tumor with chemotherapy vs
chemotherapy alone in patients with liver-only oligometastatic
pancreatic cancer at initial diagnosis.
METHODS

Patients
This retrospective study was conducted on 89 pancreatic cancer
patients with liver-only metastasis at initial diagnosis from
January 2010 to December 2019 in Jinling Hospital. They were
treated with systemic chemotherapy alone or plus SBRT
delivered to the primary tumor. The inclusion criteria of the
patients were: (1) Histologically or cytologically confirmed, or
clinically diagnosed according to our clinical diagnosis criteria,
including typical pancreatic cancer symptoms (abdominal/back
pain) and positive carbohydrate antigen 19–9 (CA19-9) value,
computed tomography (CT), magnetic resonance imaging
(MRI) and 18-fluorodeoxyglucose positron emission
tomography/computed tomography (18F-FDG-PET/CT); (2)
Oligometastases, with a maximum of 5 metastases in the liver
(< 4 cm in size); (3) Comprehensive clinical and imaging
examinations prior to treatment proved to be accompanied by
liver metastasis at initial diagnosis; (4) Patients who had
previously been treated with abdominal radiotherapy, and had
a synchronous abdominal cancer or other cancers requiring
treatment were excluded. The study was approved by the
Ethics Committee of our institution, and written informed
consents were obtained from all patients. The main
characteristics of all patients are summarized in Table 1.
Before treatment, data were collected, such as performance
status of Eastern Cooperative Oncology Group (ECOG), age,
baseline serum carbohydrate antigen 19–9 (CA19-9)
concentration, T and N stages.

SBRT
The study used CyberKnife (Accuray Incorporated, Sunnyvale,
CA, USA) for localized treatment. Firstly, all patients were
implanted with 1-3 gold markers (5.0 × 0.8 mm) under
ultrasound or CT guidance. The gold fiducials were placed in
the lesion. Then, when the gold fiducial was firmly attached to
the surrounding tissue (approximately 7 days), abdominal CT
scan (Brilliace Big Bore 16CT Philips Germany) was performed.
Before CT positioning, patient was fasted for more than 4 hours.
100-150 ml of oral contrast agent was taken 30, 20 and 10
minutes before the CT scan to clearly show the gastrointestinal
tract. Besides, intravenous contrast was also used to better
display the lesions. The CT scan range is 15 cm above and
below the pancreatic lesion, and the layer thickness is 1 mm.

The gross tumor volume (GTV) was the primary tumor of the
pancreas and enlarged lymph nodes (defined as short axis
diameter ≥ 1 cm, or PET positive) observed through the
imaging. MRI or 18F-FDG-PET/CT were used for target
May 2021 | Volume 11 | Article 659987
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delineation. Radiation oncologists delineated GTV on axial slices
of the contrast-enhanced CT. Since our center performs tracking
(Synchrony), internal target volume (ITV) is not requried. The
clinical tumor volume (CTV) was equivalent to GTV. The
planning tumor volume (PTV) margin was 0-5 mm from
the GTV, depending on the disease location and size. We used
oral meglumine diatrizoate to clearly display the gastrointestinal
tract and MRI images to determine the junction between tumor
and gastrointestinal structures, thereby helping to modify PTV to
avoid overlapping of gastrointestinal organs. Average total
prescribed dose was 41.1 gray (Gy) (range of 25-50 Gy), which
was given in 5-7 fractions. Because the median number of
fractions was 5, organs at risk (OAR) dose constraints applied
for five fraction SBRT was used in this study. The dose-volume
constraints for OARs are summarized in Appendix Table 1.
Frontiers in Oncology | www.frontiersin.org 368
Respiration synchronous tracking (Synchrony) was used to track
the movement of the fiducials for simultaneous irradiation. The
delivery of SBRT was performed between cycles of
chemotherapy, usually once a day. SBRT usually takes about
1 h, and it is difficult for patients with severe pain to maintain the
same posture over a long time. Thus, 10 mg of morphine were
taken half an hour before SBRT to relieve the patient’s pain and
help complete the treatment.
Chemotherapy
Chemotherapy regimens were mostly gemcitabine-based
chemotherapy (up to 97.8%), including gemcitabine plus nab-
paclitaxel, gemcitabine plus oxaliplatin, gemcitabine plus S-1,
gemcitabine monotherapy and so on (Table 1). Concurrent
TABLE 1 | Comparison of baseline variables between SBRT plus chemotherapy and chemotherapy alone groups in the original and matched data sets.

Unmatched cohort Propensity-score-matched cohort

Characteristic SBRT plus chemotherapy
(n = 34)

Chemotherapy alone
(n = 55)

P SBRT plus chemotherapy
(n = 23)

Chemotherapy alone
(n = 23)

P

Age (years) 0.802 0.768
≤60 17 (50%) 26 (47.3%) 11 (47.8%) 12 (52.2%)
>60 17 (50%) 29 (52.7%) 12 (52.2%) 11 (47.8%)

Gender 0.657 0.345
Male 22 (64.7%) 33 (60.0%) 14 (60.9%) 17 (73.9%)
Female 12 (35.3%) 22 (40.0%) 9 (39.1%) 6 (26.1%)

Year of diagnosis 0.007 0.760
2010-2014 21 (61.8%) 18 (32.7%) 15 (65.2%) 14 (60.9%)
2015-2019 13 (38.2%) 37 (67.3%) 8 (34.8%) 9 (39.1%)

Diagnostic mode 0.514 —

Clinical 5 (14.7%) 7 (12.7%) 0 (0%) 0 (0%)
Histological/cytological 29 (85.3%) 48 (87.3%) 23 (100%) 23 (100%)

Performance status 0.030 1.000
0-1 13 (38.2%) 34 (61.8%) 9 (39.1%) 9 (39.1%)
2 21 (61.8%) 21 (38.2%) 14 (60.9%) 14 (60.9%)

Primary pancreatic tumor location 0.059 1.000
Head 18 (52.9%) 18 (32.7%) 10 (43.5%) 10 (43.5%)
Body/tail 16 (47.1%) 37 (67.3%) 13 (56.5%) 13 (56.5%)

Pre-treatment CA19–9 (U/ml) 0.103 1.000
≤1000 19 (55.9%) 21 (38.2%) 12 (52.2%) 12 (52.2%)
>1000 15 (44.1%) 34 (61.8%) 11 (47.8%) 11 (47.8%)

T category※ 0.030 0.765
T3 17 (50.0%) 40 (72.7%) 14 (60.9%) 13 (56.5%)
T4 17 (50.0%) 15 (27.3%) 9 (39.1%) 10 (43.5%)

N category※ 0.676 0.767
N0 17 (50.0%) 25 (45.5%) 11 (47.8%) 10 (43.5%)
N1 17 (50.0%) 30 (54.5%) 12 (52.2%) 13 (56.5%)

Chemotherapy regimen 0.198 1.000
GT 2 (5.9%) 1 (1.8%) 2 (8.7%) 1 (4.3%)
Gemox 11 (32.4%) 13 (23.6%) 6 (26.1%) 6 (26.1%)
GS 9 (26.5%) 25 (45.5%) 7 (30.4%) 8 (34.8%)
GP 3 (8.8%) 1 (1.8%) 2 (8.7%) 1 (4.3%)
G 9 (26.5%) 13 (23.6%) 6 (26.1%) 7 (30.4%)
Others 0 (0.0%) 2 (3.6%) 0 (0.0%) 0 (0.0%)

Chemotherapy cycles 0.777 0.873
1 4 (11.8%) 5 (9.1%) 3 (13.0%) 5 (21.7%)
2 11 (32.4%) 13 (23.6%) 8 (34.8%) 5 (21.7%)
3 5 (14.7%) 7 (12.7%) 3 (13.0%) 3 (13.0%)
4 8 (23.5 %) 15 (27.3%) 6 (26.1%) 6 (26.1%)
>4 6 (17.6%) 15 (27.3%) 3 (13.1%) 4 (17.4%)
May 202
1 | Volume 11 | Article 6
CA19-9, carbohydrate antigen 19–9; SBRT, stereotactic body radiotherapy; GT, gemcitabine and nab-paclitaxel; Gemox, gemcitabine plus oxaliplatin; GS, gemcitabine and S-1; GP,
gemcitabine and nedaplatin; G, gemcitabine. ※According to the American Joint Committee on Cancer and the Union for International Cancer Control stage system (7th edition).
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administration of systemic therapy and SBRT was avoided if
possible. Most patients continue chemotherapy after radiotherapy.

Symptom Assessment
Before treatment, patients were asked at baseline to identify a
‘‘target symptom’’ (pain), which is their main complaint that
they hope to relieve. At each follow-up visit, they were asked to
describe the severity of target symptom compared to baseline.
The pain was scored using the visual analogue scale, and was
classified into the none (score 0), mild (score 1–3), moderate
(score 4–6) and severe pain (score 7–10). The symptom score is
always collected as part of the clinical visits.

Outcomes and Follow Up
After completion of treatment, patients were followed-up every
3-5 weeks in the first 6 months and every 3 months afterwards
until the death. Treatment results and side effects were evaluated
on the basis of clinical examinations, laboratory examination,
CT, MRI, bone scan, and 18F-FDG-PET/CT. Toxicity was
evaluated according to the National Cancer Institute Common
Terminology Criteria for Adverse Events version 5.0. The
primary efficacy outcome was OS, defined as the time from the
start of treatment to the death due to any cause. Secondary
outcomes included progression-free survival (PFS) (defined as
the time from the start of treatment to progression at any site or
death), local progression (defined as the progression of tumors in
the pancreas from the start of treatment) and metastatic
progression (defined as new metastases or progression of
existing metastases from the start of treatment). Death without
the event of interest was a competing event, and patients lost to
follow-up without the event were censored.

Statistical Analysis
We compared baseline and matched characteristics using
Pearson c² or Fisher’s exact test for categorical data. To
address the imbalance of potential confounders between the
SBRT plus chemotherapy and chemotherapy alone groups,
propensity scores-matched analysis was performed for
treatment groups (19). The propensity score model included T
stage, N stage, gender, age, performance status, primary
pancreatic tumor location, CA19–9, and year of diagnosis.
Then, matched pairs were formed between patients treated by
SBRT plus chemotherapy and those treated by chemotherapy
alone using a one-to-one nearest neighbor calliper with width of
0.3 (the maximum allowable difference in propensity scores). On
the basis of the propensity score matching, a stabilized inverse
probability of treatment weighting (IPTW) was calculated (20,
21). Weights were truncated at the 5th and 95th percentile to
reduce potential data sparsity. To assess balance before and after
matching and weighting, the standardized mean difference
(SMD) was calculated. SMD value of 0.1 or less indicated
optimal balance. Kaplan-Meier estimators were calculated for
each group and were compared using the log-rank test. Cox
proportional hazards regression model was used to compare the
relative treatment efficacy between treatment groups. Within the
matched patient group, the heterogeneity of treatment efficacy
was assessed with tests of interaction and subgroup analyses,
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which explored the effect of gender, age, performance status,
primary pancreatic tumor location, CA19–9, year of diagnosis, T
stage and N stage. An HR less than 1.00 favored SBRT plus
chemotherapy. Competitive risk analysis (Gray’s test) (22) was
used to estimate the cumulative incidence of local progression for
pancreatic lesions and the cumulative incidence of metastatic
progression. Statistical analysis was done using SPSS version 24.0
and R version 3.6.3. All tests were displayed on both sides, with
95% CIs and relevant p values.
RESULTS

Patient Characteristics and
Treatment Features
Between January 01, 2010, and December 31, 2019, 89 patients
with metastatic pancreatic cancer were included in this study, of
whom 34 received SBRT plus chemotherapy and 55 received
chemotherapy alone. The median time interval from diagnosis to
the start of treatment was 8 days (0-28 days). The baseline
characteristics of all patients were presented in Table 1. Patients
who received SBRT plus chemotherapy had a higher ratio of poor
performance status (ECOG=2, 61.8% vs 38.2%, P=0.030) and
advanced T stage (T4, 50.0% vs 27.3%, P=0.030). Patients were
more likely to receive SBRT from 2010 to 2014 (Year of diagnosis,
61.8% vs 32.7%, P=0.007). To eliminate the influence of these
differences on subsequent analysis, we matched the two groups for
all covariates by propensity score matching (Appendix Table 2
and Appendix Figure 1). The baseline characteristics were well
balanced between two groups after matching (Table 1).

Before SBRT, 12 patients received no chemotherapy, 13 patients
received 1-cycle of chemotherapy, 5 patients received 2-cycles
chemotherapy, and 4 patients received ≥ 3-cycles chemotherapy.
The median number of chemotherapy cycles was 1 (range of 0-6)
before SBRT. Almost all patients received systemic chemotherapy
after radiotherapy. The median time interval from initial treatment
to SBRT was 13 days (0-114 days). The median PTV was 77.5 cm3
(range of 17.8-355.7 cm3). The treatment duration was 5-9 days.
Median total prescribed dose was 42.5 gray (Gy) (range of 25-50
Gy), which was given in 5-7 fractions. The median prescription
isodose was 73%. The SBRT planning and delivery variables are
shown in Appendix Table 3.

Survival Analysis
Median follow-up time for all patients was 20.9 months (95%
CI,17.7-24.1 months). In unmatched analysis, the median OS
was 8.9 months (95% CI, 5.7-18.8 months) for SBRT plus
chemotherapy group and 7.5 months (95% CI, 6.0-9.6 months)
for chemotherapy alone group. The 1-year OS rate was 39.4%
(95% CI, 24.1–64.3%) for SBRT plus chemotherapy group and
21.3% (95% CI, 11.9–38.0) for chemotherapy alone group.
Compared with the control group, the SBRT group has no
survival advantage (log-rank P=0.059; Figure 1A; Table 2).
This is consistent with the result of the propensity-score-
matched analysis. The rates of OS at 1-year survival for SBRT
plus chemotherapy and chemotherapy alone groups were 34.0%
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(95%CI, 17.8-65.1%) and 16.5% (95%CI, 5.9-46.1%), respectively
(log-rank P= 0.115; Figure 1B; Table 2). In the IPTW analysis,
SBRT still was not associated with a significant OS benefit. The 1-
year OS rate was 38.0% in SBRT plus chemotherapy group versus
22.2% in the chemotherapy alone group (log-rank P=0.059;
Figure 1C; Table 2).

To explore whether SBRT would benefit selected patients, we
performed subgroup analyses of the matched cohort. The P
values for interaction were not significant in most of the
prespecified subgroups, indicating that there was no significant
difference on OS between subgroups (Figure 2A). Notably, the
addition of SBRT was beneficial for OS in patients with primary
tumor located in the head of pancreas (stratified HR, 0.28; 95%
CI, 0.09 to 0.90; P=0.193 for interaction; Figures 2A, B) or those
with good performance status (stratified HR, 0.24; 95% CI, 0.07
to 0.86; P=0.115 for interaction; Figures 2A, C).

Compared with chemotherapy alone group, the SBRT plus
chemotherapy group also did not have the survival advantage on
PFS (Appendix Figure 2; Table 2). Subgroup analyses in the
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matched cohort showed that there was no beneficial effect of
SBRT on PFS across all subgroups (Appendix Figure 3).

Local Progression and Metastatic
Progression
By competing risk analysis in the unmatched groups, the
cumulative incidence of local progression within the pancreas
was 22.1% (95%CI, 8.2-40.2) for SBRT plus chemotherapy group
and 53.2% (95%CI, 37.5-66.6) for chemotherapy alone group at
12 months. The addition of SBRT significantly delayed disease
progression in the pancreas (SHR, 0.40; 95% CI, 0.19-0.84;
P=0.016; Figure 3A and Table 2). This is consistent with the
result of the propensity-score-matched analysis. The cumulative
incidence of local progression in the pancreas was 14.2% (95%CI,
3.2-33.2) for SBRT plus chemotherapy group and 53.3% (95%CI,
27.8-73.4) for chemotherapy alone group at 12 months (SHR,
0.23; 95% CI, 0.08-0.69; P=0.008; Figure 3B and Table 2).

As for metastatic progression, the cumulative incidence was
61.6% (95%CI, 41.9-76.4) for SBRT plus chemotherapy group
A B C

FIGURE 1 | Kaplan-Meier curves for OS. (A) OS of the unmatched cohort; (B) shows OS of the propensity score matched group; (C) shows OS of the inverse
probability of treatment weight-adjusted group. SBRT, stereotactic body radiotherapy.
TABLE 2 | Summary of estimated treatment effect for main outcome measures in unmatched, propensity Matched and IPTW groups.

Unmatched Propensity Matched IPTW

SBRT plus
chemotherapy

Chemotherapy
alone

P SBRT plus
chemotherapy

Chemotherapy
alone

P SBRT plus
chemotherapy

Chemotherapy
alone

P

OS rate 0.059 0.115 0.059
6-months 62.0% 60.5% 58.3% 44.0% 66.0% 61.9%
12-months 39.4% 21.3% 34.0% 16.5% 38.0% 22.2%
PFS rate 0.113 0.468 0.093
6-months 29.3% 19.2% 29.4% 20.6% 28.4% 19.3%
12-months 8.4% 2.4% 0% 5.2% 6.8% 2.1%
Local progression
rate

0.016 0.008 – – –

6-months 12.6% 34.6% 8.7% 36.7% – – –

12-months 22.1% 53.2% 14.2% 53.3% – – –

Metastatic
progression rate

0.086 0.56 – – –

6-months 61.6% 78.2% 66.2% 71.8% – – –

12-months 88.1% 95.3% 100% 94.4% – – –

Local symptomatic
palliation rate

0.015 0.016 – – –

3-months 78.8% 52.8% 87.0% 54.5% – – –
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A

B C

FIGURE 2 | Analyses of OS in matched population. (A) Forest plot of subgroup analyses of OS; (B) shows OS of the primary tumor location; (C) shows OS of
performance status. SBRT, stereotactic body radiotherapy; PS, performance status.
A B DC

FIGURE 3 | Cumulative incidence curves for the probability of each competing event. (A) cumulative incidence of local progression in the unmatched group;
(B) cumulative incidence of local progression in the matched group; (C) cumulative incidence of metastatic progression in the unmatched group; (D) cumulative
incidence of metastatic progression in the matched group.
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and 78.2% (95%CI, 63.8-87.5) for chemotherapy alone group at 6
months in the unmatched groups. The addition of SBRT did not
delay metastatic progression (P=0.086; Figure 3C and Table 2).
This is consistent with the result of the propensity-score-
matched analysis. The cumulative incidence of metastatic
progression was 66.2% (95%CI, 41.6-82.4) for SBRT plus
chemotherapy group and 71.8% (95%CI, 44.2-87.4) for
chemotherapy alone group at 6 months (SHR, 0.83; 95% CI,
0.44-1.55; P=0.56; Figure 3D and Table 2).

Symptom Palliation
The definition of symptom palliation is that moderate or severe
symptoms at baseline should be improved, mild symptoms
should be controlled, and the occurrence of other symptoms
should be prevented (23). With these criteria, we compared
changes of the pain symptom from baseline to 3 months
(improved: moderate or severe at baseline, mild or nil at 3
months; controlled: mild at baseline, mild or nil at 3 months;
prevented: nil at baseline, nil at 3 months). Patients who had died
by 3 months were considered as without symptom palliation.
Symptomatic palliation was assessed using a scoring system, such
as visual analogue scoring for pain. After propensity matching, in
SBRT plus chemotherapy group, the symptom of 13 patients was
improved, that of 7 patients was controlled and that of 0 patient
was prevented. In chemotherapy alone group, the symptom of 5
patients was improved, that of 7 patients was controlled, that of 0
patient was prevented, and 1 patient was lost to follow-up. The
pain palliation rate was 87.0% for the SBRT plus chemotherapy
group and 54.5% for the chemotherapy alone group at 3 months
(Table 2). Palliation were observed with the addition of SBRT for
abdominal/back pain (P=0.016). As shown in Figure 4, the
proportion of patients with moderate or severe symptoms
significantly decreased in SBRT plus chemotherapy group
over time.
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Toxicity
Mild toxic effects were recorded for patients, including grade 1
and grade 2 of transient fatigue, anorexia, nausea, and vomiting.
Overall, there were no significant differences in hepatotoxic,
nephrotoxic, and hematologic toxic effects between two groups.
Due to the adverse effects of radiotherapy, one patient presented
with duodenal ulcer bleeding (grade 3), and the symptom was
improved after endoscopic intervention. Since this patient had a
positive history of duodenal ulcer, we suppose that SBRT may
cause its recurrence. Thus, for patients with a history of gastric or
duodenal ulcers, dose constraints may have to be individualized.
The details on the comparison of toxicity between the SBRT plus
chemotherapy group and the chemotherapy alone group were
summarized in Appendix Table 4.
DISCUSSION

Although chemotherapy remains the primary treatment method
for metastatic pancreatic cancer, the use of SBRT has been
increasing. However, the clinical efficacy of SBRT to primary
tumor for patients with metastatic pancreatic cancer was unclear.
To solve this problem, we performed propensity-matched
analyses of 89 patients who were newly diagnosed with
metastatic pancreatic cancer. These patients were divided into
two groups: SBRT plus chemotherapy group and chemotherapy
alone group. Our study showed that the addition of SBRT did not
improve OS. However, subgroup analysis showed that SBRT
improved OS in patients with primary tumor located in the head
of pancreas or good performance status. This is probably due to
that patients with good fitness can withstand intensive
combination therapy. Therefore, consideration of the tumor
location and performance status may be a reasonable step
towards individualized therapy.
FIGURE 4 | Proportion of patients with moderate or severe abdominal/back pain over time in the matched group.
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There have been few studies investigating the role of SBRT in
the local control of primary tumors of metastatic pancreatic cancer.
Lischalk et al. (24) analyzed 20 patients with pathologically
diagnosed metastatic adenocarcinoma of the pancreas. SBRT was
conducted on the primary pancreatic tumor in five fractions to a
total dose of 25-30 Gy. The 1-year local control rate and OS rate
were 43% and 53%, respectively. Koong et al. (25) retrospectively
analyzed patients with metastatic pancreatic cancer who received
stereotactic ablative radiotherapy to the primary tumor. They
found the median OS was 7 months, with a cumulative incidence
of local failure at 1 year of 25%. However, these studies only had
SBRT treatment group and lacked a control group. In our study,
patients were divided into SBRT plus chemotherapy group and
chemotherapy alone group. The result revealed that the addition of
SBRT improved local disease control. However, the improvement
in disease control did not transform into a benefit in OS, which
may be partly due to the high proportion of patients who developed
distant metastatic progression (66.2% vs 71.8%, P=0.56).

SBRT to the primary tumor in the case of metastatic pancreatic
tumor has a different rationale than the oligometastatic pathway
being explored in other disease sites. Many patients with
pancreatic malignancy may experience significant morbidity/
mortality from local progression of their disease. SBRT in this
setting may provide significant benefit. This is different rationale
to potentially pursue SBRT than the oligometastatic disease
paradigm (SABR-COMET et) that local ablation to all sites may
improve outcomes (26, 27). As has been observed recently,
radiating a single site in oligometastatic disease is unlikely to
provide benefit in patients (28). However, in the context of that
single site being a significant cause of morbidity andmortality with
local progression, SBRT may provide a significant benefit in this
population—but should be tested in a prospective trial.

In addition to the limited life expectancy, the primary
pancreatic tumor may cause severe local symptoms, leading to
poor life quality (29). Amelioration of symptoms, especially
abdominal or back pain, should be given priority in the
treatment for metastatic pancreatic cancer. A recent systematic
review (10) of the effects of SBRT on pain relief in patients with
locally advanced pancreatic carcinoma reported a global overall
response rate of 84.9%. Similarly, Su et al. (30) showed that SBRT
effectively relieved the abdominal pain of 65% of patients with
acceptable toxicities. In our study, in addition to providing good
local disease control, SBRT offered improvement in pain control
for patients with metastatic pancreatic cancer. Patients with
metastatic pancreatic cancer may be treated with SBRT for
symptom relief or delaying symptom progression.

This study was mainly limited due to its retrospective nature
at a single institution, relatively small sample size, and limited
metastatic disease burden with a focus on liver-only
oligmetastatic patients. Additionally, there were a variety of
types of chemotherapy and number of chemotherapy cycles in
this study. However, there was no significant difference in
chemotherapy regimens and the number of chemotherapy
cycles between two groups. The result in this paper should be
further verified with a larger sample size and extended to other
metastatic sites of pancreatic cancer.
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In conclusion, our study showed a benefit of the combination
of SBRT with chemotherapy for pancreatic-specific disease
control and palliation of cancer-related symptoms with
acceptable toxicities in pancreatic cancer patients with liver-
only oligometastasis. Although the addition of SBRT did not
improve OS in all patients, it prolonged OS in patients with
primary tumor located in the head of pancreas or good
performance status. Therefore, the further research is needed
to study the role of SBRT in carefully selected patients and as a
consolidation therapy after chemotherapy.
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FOLFIRINOX Versus Gemcitabine for Metastatic Pancreatic Cancer. New
Engl J Med (2011) 364(19):1817–25. doi: 10.1056/NEJMoa1011923

5. Von Hoff DD, Ervin T, Arena FP, Chiorean EG, Infante J, Moore M, et al.
Increased Survival in Pancreatic Cancer With Nab-Paclitaxel Plus Gemcitabine.
New Engl J Med (2013) 369(18):1691–703. doi: 10.1056/NEJMoa1304369

6. Grossberg AJ, Chu LC, Deig CR, Fishman EK, Hwang WL, Maitra A, et al.
Multidisciplinary Standards of Care and Recent Progress in Pancreatic Ductal
Adenocarcinoma. CA: A Cancer J Clin (2020) 70(5):375–403. doi: 10.3322/
caac.21626

7. Foley K, Kim V, Jaffee E, Zheng L. Current Progress in Immunotherapy for
Pancreatic Cancer. Cancer Lett (2016) 381(1):244–51. doi: 10.1016/
j.canlet.2015.12.020

8. Moore MJ, Goldstein D, Hamm J, Figer A, Hecht JR, Gallinger S, et al.
Erlotinib Plus Gemcitabine Compared With Gemcitabine Alone in Patients
With Advanced Pancreatic Cancer: A Phase III Trial of the National Cancer
Institute of Canada Clinical Trials Group. J Clin Oncol (2007) 25(15):1960–6.
doi: 10.1200/JCO.2006.07.9525

9. Philip PA, Benedetti J, Corless CL, Wong R, O’Reilly EM, Flynn PJ, et al.
Phase III Study Comparing Gemcitabine Plus Cetuximab Versus Gemcitabine
in Patients With Advanced Pancreatic Adenocarcinoma: Southwest Oncology
Group–directed Intergroup Trial S0205. J Clin Oncol (2010) 28(22):3605. doi:
10.1200/JCO.2009.25.7550

10. Buwenge M, Macchia G, Arcelli A, Frakulli R, Fuccio L, Guerri S, et al.
Stereotactic Radiotherapy of Pancreatic Cancer: A Systematic Review on Pain
Relief. J Pain Res (2018) 11:2169. doi: 10.2147/JPR.S167994

11. Rosati LM, Kumar R, Herman JM. Integration of Stereotactic Body Radiation
Therapy Into the Multidisciplinary Management of Pancreatic Cancer. Semin
Radiat Oncol (2017) 27(3):256–67. doi: 10.1016/j.semradonc.2017.02.005

12. Hammel P, Huguet F, van Laethem J-L, Goldstein D, Glimelius B, Artru P,
et al. Effect of Chemoradiotherapy vs Chemotherapy on Survival in Patients
With Locally Advanced Pancreatic Cancer Controlled After 4 Months of
Gemcitabine With or Without Erlotinib: The LAP07 Randomized Clinical
Trial. Jama (2016) 315(17):1844–53. doi: 10.1001/jama.2016.4324

13. Iacobuzio-Donahue CA, Fu B, Yachida S, Luo M, Abe H, Henderson CM,
et al. DPC4 Gene Status of the Primary Carcinoma Correlates With Patterns
of Failure in Patients With Pancreatic Cancer. J Clin Oncol (2009) 27
(11):1806. doi: 10.1200/JCO.2008.17.7188

14. You R, Liu Y-P, Huang P-Y, Zou X, Sun R, He Y-X, et al. Efficacy and Safety of
Locoregional Radiotherapy With Chemotherapy vs Chemotherapy Alone in
De Novo Metastatic Nasopharyngeal Carcinoma: A Multicenter Phase 3
Randomized Clinical Trial. JAMA Oncol (2020) 6(9):1345–52. doi: 10.1001/
jamaoncol.2020.1808

15. Rusthoven CG, Jones BL, Flaig TW, Crawford ED, Koshy M, Sher DJ, et al.
Improved Survival With Prostate Radiation in Addition to Androgen
Deprivation Therapy for Men With Newly Diagnosed Metastatic Prostate
Cancer. J Clin Oncol (2016) 34(24):2835–42. doi: 10.1200/JCO.2016.67.4788

16. Parker CC, James ND, Brawley CD, Clarke NW, Hoyle AP, Ali A, et al.
Radiotherapy to the Primary Tumour for Newly Diagnosed, Metastatic
Prostate Cancer (STAMPEDE): A Randomised Controlled Phase 3 Trial.
Lancet (2018) 392(10162):2353–66. doi: 10.1016/S0140-6736(18)32486-3

17. Trakul N, Koong AC, Chang DT. Stereotactic Body Radiotherapy in the
Treatment of Pancreatic Cancer. Semin Radiat Oncol (2014) 24(2):140–7.
doi: 10.1016/j.semradonc.2013.11.008
Frontiers in Oncology | www.frontiersin.org 974
18. Comito T, Cozzi L, Zerbi A, Franzese C, Clerici E, Tozzi A, et al. Clinical
Results of Stereotactic Body Radiotherapy (SBRT) in the Treatment of Isolated
Local Recurrence of Pancreatic Cancer After R0 Surgery: A Retrospective
Study. Eur J Surg Oncol (EJSO) (2017) 43(4):735–42. doi: 10.1016/
j.ejso.2016.12.012

19. Renehan AG, Malcomson L, Emsley R, Gollins S, Maw A, Myint AS, et al.
Watch-and-Wait Approach Versus Surg ica l Resect ion After
Chemoradiotherapy for Patients With Rectal Cancer (the OnCoRe Project):
A Propensity-Score Matched Cohort Analysis. Lancet Oncol (2016) 17
(2):174–83. doi: 10.1016/S1470-2045(15)00467-2

20. Cole SR, Hernán MA. Constructing Inverse Probability Weights for Marginal
Structural Models. Am J Epidemiol (2008) 168(6):656–64. doi: 10.1093/aje/
kwn164

21. Rajyaguru DJ, Borgert AJ, Smith AL, Thomes RM, Conway PD, Halfdanarson
TR, et al. Radiofrequency Ablation Versus Stereotactic Body Radiotherapy for
Localized Hepatocellular Carcinoma in Nonsurgically Managed Patients:
Analysis of the National Cancer Database. J Clin Oncol (2018) 36(6):600–8.
doi: 10.1200/JCO.2017.75.3228

22. Fine JP, Gray RJ. A Proportional Hazards Model for the Subdistribution of a
Competing Risk. J Am Stat Assoc (1999) 94(446):496–509. doi: 10.1080/
01621459.1999.10474144

23. Muers MF, Stephens RJ, Fisher P, Darlison L, Higgs CM, Lowry E, et al. Active
Symptom Control With or Without Chemotherapy in the Treatment of
Patients With Malignant Pleural Mesothelioma (MS01): A Multicentre
Randomised Trial. Lancet (2008) 371(9625):1685–94. doi: 10.1016/S0140-
6736(08)60727-8

24. Lischalk JW, Burke A, Chew J, Elledge C, Gurka M, Marshall J, et al. Five-
Fraction Stereotactic Body Radiation Therapy (SBRT) and Chemotherapy for
the Local Management of Metastatic Pancreatic Cancer. J gastrointestinal
Cancer (2018) 49(2):116–23. doi: 10.1007/s12029-016-9909-2

25. Koong AJ, Toesca DA, Baclay JRM, Pollom EL, von Eyben R, Koong AC, et al.
The Utility of Stereotactic Ablative Radiation Therapy for Palliation of
Metastatic Pancreatic Adenocarcinoma. Pract Radiat Oncol (2020) 10
(4):274–81. doi: 10.1016/j.prro.2020.02.010

26. Palma DA, Olson R, Harrow S, Gaede S, Louie AV, Haasbeek C, et al.
Stereotactic Ablative Radiotherapy Versus Standard of Care Palliative
Treatment in Patients With Oligometastatic Cancers (SABR-COMET): A
Randomised, Phase 2, Open-Label Trial. Lancet (2019) 393(10185):2051–8.
doi: 10.1016/S0140-6736(18)32487-5

27. Palma DA, Olson R, Harrow S, Gaede S, Louie AV, Haasbeek C, et al.
Stereotactic Ablative Radiotherapy for the Comprehensive Treatment of
Oligometastatic Cancers: Long-Term Results of the SABR-COMET
Randomized Trial. Int J Radiat Oncol Biol Phys (2020) 108(3):S88–9. doi:
10.1016/j.ijrobp.2020.07.2251

28. McBride S, Sherman E, Tsai CJ, Baxi S, Aghalar J, Eng J, et al. Randomized
Phase II Trial of Nivolumab With Stereotactic Body Radiotherapy Versus
Nivolumab Alone in Metastatic Head and Neck Squamous Cell Carcinoma.
J Clin Oncol (2021) 39(1):30–7. doi: 10.1200/JCO.20.00290

29. Freelove R, Walling A. Pancreatic Cancer: Diagnosis and Management. Am
Family physician (2006) 73(3):485–92.

30. Su T-S, Liang P, Lu H-Z, Liang J-N, Liu J-M, Zhou Y, et al. Stereotactic Body
Radiotherapy Using CyberKnife for Locally Advanced Unresectable and
Metastatic Pancreatic Cancer. World J Gastroenterol: WJG (2015) 21
(26):8156. doi: 10.3748/wjg.v21.i26.8156

Conflict of Interest:: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ji, Zhao, He, Han, Zhu, Shen, Chen and Chu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
May 2021 | Volume 11 | Article 659987

https://doi.org/10.3322/caac.21590
https://doi.org/10.1016/S0140-6736(20)30974-0
https://doi.org/10.1016/S1470-2045(17)30314-5
https://doi.org/10.1056/NEJMoa1011923
https://doi.org/10.1056/NEJMoa1304369
https://doi.org/10.3322/caac.21626
https://doi.org/10.3322/caac.21626
https://doi.org/10.1016/j.canlet.2015.12.020
https://doi.org/10.1016/j.canlet.2015.12.020
https://doi.org/10.1200/JCO.2006.07.9525
https://doi.org/10.1200/JCO.2009.25.7550
https://doi.org/10.2147/JPR.S167994
https://doi.org/10.1016/j.semradonc.2017.02.005
https://doi.org/10.1001/jama.2016.4324
https://doi.org/10.1200/JCO.2008.17.7188
https://doi.org/10.1001/jamaoncol.2020.1808
https://doi.org/10.1001/jamaoncol.2020.1808
https://doi.org/10.1200/JCO.2016.67.4788
https://doi.org/10.1016/S0140-6736(18)32486-3
https://doi.org/10.1016/j.semradonc.2013.11.008
https://doi.org/10.1016/j.ejso.2016.12.012
https://doi.org/10.1016/j.ejso.2016.12.012
https://doi.org/10.1016/S1470-2045(15)00467-2
https://doi.org/10.1093/aje/kwn164
https://doi.org/10.1093/aje/kwn164
https://doi.org/10.1200/JCO.2017.75.3228
https://doi.org/10.1080/01621459.1999.10474144
https://doi.org/10.1080/01621459.1999.10474144
https://doi.org/10.1016/S0140-6736(08)60727-8
https://doi.org/10.1016/S0140-6736(08)60727-8
https://doi.org/10.1007/s12029-016-9909-2
https://doi.org/10.1016/j.prro.2020.02.010
https://doi.org/10.1016/S0140-6736(18)32487-5
https://doi.org/10.1016/j.ijrobp.2020.07.2251
https://doi.org/10.1200/JCO.20.00290
https://doi.org/10.3748/wjg.v21.i26.8156
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
John Varlotto,

Marshall University, United States

Reviewed by:
Peter Carlos Gerszten,

University of Pittsburgh Medical
Center, United States

Samuel Chao,
Case Western Reserve University,

United States
Dwight E. Heron,

Bon Secours Health System,
United States

*Correspondence:
Felix Ehret

felix.ehret@charite.de
orcid.org/0000-0001-6177-1755

Specialty section:
This article was submitted to

Radiation Oncology,
a section of the journal
Frontiers in Oncology

Received: 15 December 2020
Accepted: 18 March 2021
Published: 28 May 2021

Citation:
Ehret F, Mose L, Kufeld M,
Fürweger C, Windisch P,

Haidenberger A, Schichor C, Tonn J-C
and Muacevic A (2021) Image-Guided

Robotic Radiosurgery for the
Treatment of Same Site Spinal

Metastasis Recurrences.
Front. Oncol. 11:642314.

doi: 10.3389/fonc.2021.642314

ORIGINAL RESEARCH
published: 28 May 2021

doi: 10.3389/fonc.2021.642314
Image-Guided Robotic Radiosurgery
for the Treatment of Same Site
Spinal Metastasis Recurrences
Felix Ehret1,2*, Lucas Mose2, Markus Kufeld2, Christoph Fürweger2,3,
Paul Windisch2,4, Alfred Haidenberger2, Christian Schichor5,
Jörg-Christian Tonn5 and Alexander Muacevic2

1 Charité—Universitätsmedizin Berlin, Corporate Member of Freie Universität Berlin and Humboldt-Universität zu Berlin,
Department of Radiation Oncology, Berlin, Germany, 2 European Cyberknife Center, Munich, Germany, 3 Department of
Stereotaxy and Functional Neurosurgery, University Hospital Cologne, Cologne, Germany, 4 Department of Radiation
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Munich, Munich, Germany

Background: Due to recent medical advancements, patients suffering from metastatic
spinal disease have a prolonged life expectancy than several decades ago, and some will
eventually experience relapses. Data for the retreatment of spinal metastasis recurrences
occurring at the very same macroscopic spot as the initially treated lesion are limited.
Previous studies mainly included recurrences in the boundary areas as well as other
macroscopic parts of the initially affected vertebrae. This study exclusively analyzes the
efficacy and safety of spinal reirradiation for recurrences on the same site utilizing single-
session robotic radiosurgery.

Materials and Methods: Patients between 2005 and 2020 who received radiotherapy
for a spinal metastasis suffering from a local recurrence were eligible for analysis. Only
patients undergoing a single-session reirradiation were included. All recurrences must
have been occurred in the same location as the initial lesion. This was defined as a
macroscopic recurrence on computed tomography occurring at the same site as the initial
spinal metastasis. All other lesions, including those in the boundary areas or other parts of
the initially affected vertebrae, were excluded.

Results: Fifty-three patients with fifty-three lesions were retreated for spinal metastases.
The median dose and number of fractions for the initial radiotherapy were 36 Gy and 15,
respectively. Eleven patients were initially treated with stereotactic body radiotherapy.
Retreatment was performed with a median dose of 18 Gy prescribed to a median isodose
of 70%. The local control was 77% after a median follow-up of 22.2 months. Patients
experiencing a second recurrence received a lower dose (p = 0.04), mostly below 18 Gy,
and had a worse coverage (p = 0.01) than those showing local tumor control. 51% of
patients experienced an improvement in pain control after treatment delivery. Besides,
four vertebral compression fractures (7% of patients) but no other adverse events higher
than grade 2 were observed.
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Conclusion: Single-session robotic radiosurgery appears to be a safe, time-saving, and
effective treatment modality for spinal metastasis recurrences occurring in the same initial
location if a considerable dose and coverage can be applied. Treatment results are
comparable to reirradiated metastases in the boundary areas.
Keywords: SBRT, radiosurgery, spinal metastasis, spine, recurrence, CyberKnife, reirradiation (ReRT)
INTRODUCTION

Due to recent medical advancements, patients suffering from
metastatic disease have a prolonged life expectancy than several
decades ago (1). In addition to projected demographic changes, this
shift is expected to lead to an increasing number of patients needing
therapy for spinalmetastaseswithin the upcoming years. Today, about
180.000 patients in the United States are suffering from spinal
metastases, and approximately 10% of them will experience spinal
cord compression as a potentially life-threatening complication (2–5).
With the development, implementation, and general availability of
conventional fractionated external-beam radiotherapy (EBRT) and
stereotactic body radiation therapy (SBRT), many patients with spinal
metastases can be treated effectively and non-invasively. Primary
treatment results regarding local control (LC), pain, and quality of
life (Qol) are sound (6, 7). However, with the increased life expectancy
after irradiation, chances of local recurrence or even further
development of spinal metastases increase. So far, single-session and
multisession SBRT up to 5 fractions showed 1-year-LC rates around
80% for spinalmetastases, even for radioresistant tumor entities (6, 8–
11). Still, this implies that a substantial number of patients will
experience the need for a follow-up treatment thanks to current and
future improvements in systemic therapies, which increase the overall
life expectancy for patients with metastatic disease. Thus, dedicated
treatment options for recurrent spinal metastases are needed. These
should respect the previous irradiation and associated risks for
myelopathies and vertebral compression fractures (VCFs) (12).
Reirradiation for spinal metastases seems feasible and effective, but
the number of reports is still limited (12–15). Finally, data on the
efficacy and safety of reirradiation with single-session robotic
radiosurgery (RRS) are particularly limited (12, 14). Besides, previous
reports often included spinal recurrences in the boundary area or
previously irradiated field and other parts of the initially affected
vertebrae, and not just same site relapses (16, 17). This may
potentially compromise patient and data homogeneity, which could
limit the overall generalizability of the reported results. Thus, the
objective of this study is to analyze the treatment results of RRS for
preirradiated spinal metastasis recurrences occurring at the very same
spot as the initial macroscopic lesion. To date, data for this specific
patient cohort are sparse. Besides, all tumors were exclusively and
primarily treated in one session, and we compare our results with the
existing SBRT literature.
MATERIALS AND METHODS

Fifty-three patients treated for a spinal metastasis recurrence
between 2005 and 2020 were included in this retrospective
276
single-center study. Only patients undergoing primary single-
session RRS for a retreatment for relapse on the same site as the
initial tumor were eligible for analysis. This type of lesion was
defined as a macroscopic osteolytic, osteoblastic, or mixed
recurrence on computed tomography (CT) occurring at the
same site as the initial macroscopic spinal metastasis. Patients
undergoing initial surgical treatment for their relapse before RRS
and local recurrences in the boundary area of the previous
irradiation as well as other parts of the affected vertebrae were
excluded. All patient data, including medical history, previous
treatments, and follow-up data, were prospectively stored in a
dedicated database for radiosurgery and retrospectively analyzed.
Diagnosis of spinal metastasis recurrence was made by an
interdisciplinary team consisting of radiation oncologists,
neurosurgeons, and neuroradiologists.

Treatment Procedure and Outcome
As formerly described, every patient underwent thin-sliced,
contrast-enhanced CT and magnetic resonance imaging (MRI)
scans for treatment planning and delivery. Obtained images were
overlaid for inverse treatment planning, which was done with a
dedicated planning software (MultiPlan, Precision, Accuray Inc.,
Sunnyvale, CA, USA). All treatments were delivered in a single
session utilizing a CyberKnife® robotic radiosurgery system
(Accuray Inc., Sunnyvale, CA, USA). For tracking, the X-sight
spine tracking algorithm (Accuray Inc., Sunnyvale, CA, USA)
has been used for all treatment sessions without any application
of fiducials (18, 19). The gross tumor volume (GTV) comprised
all visible tumor tissue identified on MRI and CT scans. For
vertebral body metastases, a 2 mmmargin was added. Besides, no
further margins have been added to the planning target volume
(PTV), given the accuracy of RRS (19). Radioresistant tumors
included renal cell carcinoma, gastrointestinal tumors, non-small
cell lung cancer, sarcomas, head and neck tumors, thyroid cancer
as well as melanomas. Radiosensitive tumors included breast,
cervical, uterine, and prostate cancer. The metastases of cancers
of unknown primary were deemed intermediate. This
classification was in accordance with the work of Yamada et al.
(20). Dose constraints for organs at risk were respected for
patients following the data of the AAPM TG101 if medically
appropriate and feasible as well as subject to changes for
individual cases (21). Dose constraints were as follows: ≤0.35/
≤1.2 cc of the spinal cord could receive 10.0/7.0 Gy, with a
maximum point dose of 14.0 Gy in ≤0.35 cc. Adverse events (AE)
and toxicity were reported according to the Common
Terminology Criteria for Adverse Events (CTCAE) up to
version 5, depending on the date of the AE occurrence. Local
control (LC) was defined as an unchanged or decreased tumor
May 2021 | Volume 11 | Article 642314
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volume on follow-up imaging. Local failure (LF) was defined as
an increased tumor volume during follow-up.

Statistical Analyses
Time of LC, local progression-free survival (including LFs and
death of any cause) (l-PFS), and overall survival (OS) were
calculated according to the Kaplan-Meier estimate. Differences
in survival or other time-to-event differences were analyzed with
a log-rank test. Continuous variables were tested for normality
utilizing the Shapiro Wilk test and the graphic appearance,
including skewness and kurtosis. Subsequent analyses were
done with unpaired t-tests or Wilcoxon rank-sum tests
according to the results of the normality testing, For
categorical testing, the Fisher’s exact test was utilized if the
number of events was less than five in each group; for
scenarios with more than five events for each group, the Chi-
square test was applied. Descriptive statistics utilized mean,
median, frequencies, proportions, and ranges depending on the
analyzed variable. Data were analyzed using STATA 16.0 MP
(StataCorp, College Station, TX, USA). P-values equal to or less
than 0.05 were considered significant.
RESULTS

Patients and Treatment Characteristics
Patient, pretreatment, and treatment characteristics are
summarized in Tables 1 and 2. A total of 53 patients with a
median follow-up of 22.2 months were included in this analysis.
The initial treatment was mainly fractionated (41/53 patients,
77.3%), with a median dose of 36 Gy. The median time to
recurrence was 17.2 months. A total of five patients (9%)
experienced a recurrence within six months of upfront
treatment, three of them after three months. Four of them
received EBRT; one underwent SBRT. For the recurrences, a
median dose of 18 Gy prescribed to a median isodose of 70% was
applied. The median and mean max doses to the spinal cord were
13.4 and 13.7 Gy, respectively. Most of the lesions were
osteolytic, located in the lumbar spine, and caused pain. The
majority of treated entities were deemed radioresistant. The renal
cell carcinoma was the most frequently treated tumor in this
cohort. Forty patients had further metastatic disease; thirteen
were only suffering from the spinal metastasis recurrence. Only
four patients (7%) had brain metastases at the time of treatment
delivery. Most patients were suffering from further bone
metastases (58%), abdominal metastases (34%), and lung
metastases (11%). Four patients (7%) suffered from VCFs after
reirradiation. Besides, the reirradiation was well tolerated; no
patients experienced other AE grade 2 or higher. No myelopathy
or bleeding events were observed after retreatment.

Local Outcome and Survival Data
The comparison between locally-controlled and uncontrolled
patients is summarized in Table 3. The outcome and survival
data are outlined in Table 4. Overall, 12 of 53 patients
experienced a second recurrence of their spinal metastasis after
Frontiers in Oncology | www.frontiersin.org 377
a median and mean time of 14.7 and 22.7 months, respectively.
This equals a crude LC of 77.3%. Overall, the prescription dose
and coverage were lower in patients suffering from TF (p = 0.04
and p = 0.01, respectively). The minimal dose within the tumor
showed a trend but did not reach significance (p = 0.07). Most of
the recurrences occurred in patients with prescription doses of 18
or less Gy (p = 0.04, 9/12 patients, 75%) (Figure 1). Besides, most
LFs were present in patients with a coverage less than 94% (p =
0.01, 9/12 patients, 75%).

The median survival was 28.7 months (Figure 2). The LC
after 12, 24, and 36 months was 85.1%, 72.9%, and 72.9%,
respectively (Table 4 and Figure 3). The respective l-PFS and
OS were 72.2%, 47.0%, 36.6% and 82.0%, 58.9%, and 43.1%
(Table 4, Figures 2 and 4). The OS did not significantly differ for
patients receiving more than 35 Gy or less for their first
treatment (p = 0.15). LC rates did not differ for patients
receiving their reirradiation within or after 12 months of initial
treatment delivery (p = 0.90). Radiosensitivity did not have a
significant impact on LFs. For 29 patients, clinical status was
obtainable at last follow-up, with 51% of patients experiencing a
subjective improvement in pain control. Moreover, 20% had a
stable pain level and 29% showed worsening of their subjective
pain at their last follow-up. Notably, most patients in this study
experienced a significant decrease in their overall performance
TABLE 1 | Patient characteristics.

Total number of patients included 53
Gender (male/female, %) 34 (64) 19 (36)

Median Mean Range

Age (years) 61.9 62.5 36.3 – 89.4

Pretreatment Karnofsky
Performance Status (%)

90 91.8 70 – 100

Follow-up (months) 22.2 34.7 1.4 – 154.3

Tumor location Cervical Thoracic Lumbar

Number of patients 11 19 23

% 21 36 43

Lesion type Osteolytic Osteoblastic Mixed

Number of patients 32 20 1

% 60 38 2

Symptoms Pain Radiculopathy Weakness

Number of patients 21 7 2

% 40 13 4

Only spinal metastasis, no
other distant metastasis

Yes No

Number of patients 13 40

% 23 77

Tumor entities Number of patients

Renal 14

Breast 10

Prostate 8

Lung 7

Head and neck 2

Colorectal 2

Other 10

Radiosensitivity Sensitive Intermediate Resistant

Number of patients 18 2 33
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status and progressed due to metastatic disease, partially limiting
dedicated clinical pain evaluations regarding the preirradiated
spinal metastasis. At last follow-up, thirty-six patients (68%) had
disease progression or succumbed to their illness.
Frontiers in Oncology | www.frontiersin.org 478
DISCUSSION

This is one of the largest reports exclusively analyzing patients
treated with single-session RRS for their spinal metastasis
recurrence (12–14). Only recurrences which occurred at the
very same spot as the initial macroscopic metastatic lesion
were included. So far, only sparse data are available for this
patient cohort. The objective was to investigate whether this
dedicated subgroup of recurrences behaves differently when
irradiated with SBRT. Besides, the reported follow-up herein is
more extensive compared to most of the previous studies (12,
13). In general, spinal metastases are a common and considerable
oncologic challenge. With the recent advancements in systemic
and local treatments, more patients will experience spinal
metastasis recurrences in the foreseeable future. However, only
a few studies have reported dedicated results for SBRT for the
treatment of spinal metastasis recurrences until today (12, 13).
Thus, further evaluation of treatment options that may achieve
long-term LC and pain relief are needed.

Local Control and Survival
According to recent reviews, SBRT for the reirradiation of spinal
metastasis has shown 1-year LC rates between 66% and 90% (12,
14). Overall, the current data quality on spinal reirradiation with
SBRT for spinal metastasis are not only limited but mostly based
on retrospective single-center trials like the current study. One
large retrospective multicenter analysis showed favorable results
for single-session treatments (13). Notably, most reports
included recurrences that generally occurred in previously
irradiated fields, while this study exclusively included
recurrences literally at the same spot as the initial lesion, trying
to improve data homogeneity. Our findings, however, are mostly
comparable to the previous reports (12–14, 23). Moreover, this
report only included patients receiving one fraction. Many
preirradiated patients in the literature underwent more than
one fraction. The most common fractionation schemes included
3 x 9 Gy, 3 x 8 Gy, 3 x 7 Gy, 5 x 6 Gy, 5 x 5 Gy, and 5 x 4 Gy, with
comparable LC rates (12–14). Notably, a single-session treatment
reduces the time patients need to spend for their treatment and
care. This is especially important for patients receiving palliative
care. As previously described, 1-year LC rates are around 80%
with the formerly mentioned doses and fractions. In this study,
85% of patients had their metastasis controlled after 12 months.
This is also in agreement with the patients treated with one
fraction, as reported by Hashmi et al. (13). Notably, they
reported better LC rates for single-session treatments
compared to multisession irradiations (13). As most published
series only report 1-year LC rates due to poor overall survival of
the study cohorts, respective median follow-up times are mostly
around 12 months (12, 13). Thus, not much data are available on
the LC beyond this period after undergoing SBRT. Herein, many
patients were alive after two years, showing a LC of 73% at that
time. After three years, 16 patients were still alive, with a LC rate
of 73%. Despite limited data and the small sample sizes, SBRT
may achieve satisfactory 2-year and 3-year LC rates (13).
However, it remains unclear what factors may influence LC
rates in this patient group. In contrast to Garg and colleagues as
TABLE 4 | Outcome and survival data.

Variable Time (in months) Value (%) 95% Confidence interval (%)

LC 12 85.1 71.4 – 92.6
24 72.9 55.9 – 84.2
36 72.9 55.9 – 84.2

l-PFS 12 72.2 57.7 – 82.5
24 47.0 32.1 – 60.5
36 36.6 22.5 – 50.7

OS 12 82.0 68.2 – 90.2
24 58.9 43.2 – 71.6
36 43.1 28.0 – 57.4
LC, local control; l-PFS, local progression-free survival; OS, overall survival.
TABLE 3 | Comparison between locally-controlled and uncontrolled patients.

Variable Local control Treatment failure p-value

Mean (±SD)

Age 61.3 (2.3) 62.7 (2.8) 0.76
Time to first recurrence (months) 28.9 (6.1) 24.5 (5.6) 0.94
Pretreatment fractions (number) 13.0 (1.4) 16.8 (2.4) 0.20
Pretreatment dose (Gy) 32.2 (1.5) 35.7 (3.0) 0.30
Tumor volume (cc) 36.3 (5.0) 38.6 (7.7) 0.82
Dose (Gy) 18.9 (0.2) 17.9 (0.5) 0.04
Max dose (Gy) 27.7 (0.4) 26.6 (0.9) 0.13
Min dose (Gy) 12.9 (0.5) 11.2 (0.4) 0.07
Coverage (%) 93.6 (0.6) 89.5 (1.9) 0.01
SD, standard deviation; Gy, Gray; cc, cubic centimeter.
TABLE 2 | Pretreatment and treatment characteristics.

Pretreatment Median Mean Range

Dose (Gy) 36 33 14 – 50.4
Number of fractions 15 13.9 1 – 28
Time to recurrence (months) 17.2 27.9 2.5 – 236
Patients with a time to recurrence of
less than six months (%)

5 (9)

Patients treated with one fraction (%) 12 (23)

Patients treated with two to five
fractions (%)

3 (6)

Patients additionally treated with
surgery (%)

5 (9)

Treatment Median Mean Range

Tumor volume (cc) 25.7 35.5 1.5 – 115.5
Prescription dose (Gy) 18 18.7 15 – 22
Prescription isodose (%) 70 68.3 60 – 75
Max tumor dose (Gy) 27.1 27.4 20.7 – 34.5
Min tumor dose (Gy) 11.7 12.5 8.3 – 20.3
Max dose spinal cord (Gy) 13.4 13.7 1.8 – 21.8
Conformity index 1.28 1.31 1.13 – 1.74
Homogeneity index 1.43 1.47 1.33 – 1.67
Coverage 93.7 92.5 76.6 – 99.9
cc, cubic centimeter; Gy, Gray.
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well as Choi and colleagues, we did not find significant
associations between pretreatment doses of less than 35 Gy or
the time to reirradiation less than 12 months with OS and LF (16,
24). Overall, it remains unclear to which extent the primary
treatment influences the outcome of the reirradiation.
Nevertheless, we did see the trend that patients receiving lower
prescription doses (<18 Gy) experienced most of the
documented LFs. Considering that doses around 24 Gy
delivered in one fraction show reasonable LC rates for the
initial treatment of spinal metastasis, it may decrease the
chance of LF if doses of at least 19 Gy in one fraction may be
applied (25). Besides, patients with a minimal dose of 13 Gy or
less experienced significantly more local recurrences. Moreover,
patients with a coverage of more than 94% did show fewer
recurrences. Whereas previous studies and reports discussed the
role of radiosensitivity as a potential factor influencing the LC
Frontiers in Oncology | www.frontiersin.org 579
rate, we did not find any significant associations herein (20, 26).
However, this may be due to the small sample size, low number
of LFs, and proportions of included tumor entities.

Despite the fear of associated toxicity and adverse events with
a limited life expectancy, treating physicians should anticipate
increased survival in this patient subgroup in the future and,
thus, should try to apply a considerable dose with respective
coverage to prevent LFs before systemic disease progression.
Overall, treatment planning should be carefully evaluated for this
specific patient subgroup. This is especially important for
patients only suffering from spinal metastasis while having a
controlled primary tumor side and a low systemic tumor burden.
Finally, the applied single-session RRS treatment achieved LC in
most of the cases, but the majority of patients suffered from
additional metastases at the time of treatment, which ultimately
led to an overall disease progression. Finally, most other reports
FIGURE 1 | Local control stratified for a prescription dose cutoff at 18 Gy.
FIGURE 2 | Overall survival.
FIGURE 3 | Overall local control.
FIGURE 4 | Local progression-free survival.
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did not report on the further disease status of patients, i.e.,
presence and number, as well as the location of other metastases,
limiting accurate comparisons.
Toxicity
Spinal reirradiation with SBRT at the same macroscopic location
is still not a very commonly reported situation. In this study, we
observed tolerable toxicity, mostly following the dose constraints
of the AAPM TG 101 (21). No adverse events higher than grade 2
were observed after treatment delivery. The four occurring VCFs
except one did not need any additional medical or surgical
treatment. Previously published studies reported similar
toxicities, with the majority of AE related to fatigue. An overall
VCF rate of 12% was reported among the four studies reporting
VCFs as a dedicated adverse event in a recent review (12). With
a VCF rate of 7%, single-session RRS seems to have a slightly
lower fracture risk as compared to the hypofractionated schemes
that were applied in the other studies. However, in contrast to the
VCF rate of 4.5% in the study of Hashmi et al., the risk seems to
be slightly higher (13). Yet, data are limited, and no definite
conclusions can be drawn considering that the majority of
studies did not report on the occurrence of VCF (12, 14).
Besides VCF, myelopathy is an associated complication after
spinal irradiation. In this study, no myelopathies were observed
in our group of 53 patients. This is in agreement with the existing
literature as myelopathies still rarely occur after reirradiation
(crude risk 1.2%) (12, 13). Overall, and given the limited data
available for modern SBRT for spinal metastasis reirradiation, it
remains unclear what other factors may contribute to adverse
events higher than grade 2.
Pain
Pain control has always been a substantial treatment goal for the
treatment of spinal metastases. This goal is similar for the
retreatment of spinal lesions. While repeated EBRT with
various fractionation schemes showed a notable effect in
around 60% of patients in multiple studies, some data are
available on SBRT for the control of pain after reirradiation
(12, 22, 27). Moreover, given the heterogeneity of reporting
outcomes for spinal treatments – something which is especially
true for reirradiation procedures –, limited conclusions can be
drawn from the available data (12–14, 28). Current studies show
pain control rates between 65% and 81% (12, 13). As for the
dynamic of pain control and improvement, Garg and colleagues
reported better pain levels on the Brief Pain Inventory (BPI) after
three months of treatment delivery (24). This improvement was
also present after six months (24). Herein, we report an
improvement rate of 51% at last follow-up, which may be
caused by the limited clinical information and subjective
assessment method. Considering the limited data we can provide
on pain control, more studies are needed to assess the actual
treatment efficiency. Notably, most cases in this report had
widespread metastatic disease, especially bone metastases, with
respective symptoms that limited the possibility to exactly
determine the symptoms just caused by the spinal recurrence alone.
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Future Challenges
As depicted by the SPINO consortium, the reporting of studies
for spinal metastasis is particularly heterogeneous (28).
Considering the 15-year span it took to treat about 50 patients
with a spinal recurrence occurring in the exact location as
previously, the frequency of spinal reirradiation for this small
subgroup of patients poses a considerable challenge to report
standardized outcomes. This is mainly due to various changes in
the field and improved radiation techniques in the past 15 years.
With respect to the increasing life expectancy of patients with spinal
metastasis, patients experiencing recurrences should be assessed in a
comparable way to create reliable evidence on reirradiation
treatment options. According to the SPINO consortium, various
clinician-based (SINS, Bilsky grade, MRC, KPS,…) and patient-
reported outcomes (SF36, BPI, SOSGOQ,…) should be
implemented (28). Besides these recommendations and in
consideration of the available literature, single-session RRS may
be an appropriate tool for spinal reirradiation, especially in palliative
settings. Ultimately, prospective trials are necessary to determine the
ideal management on spinal reirradiation.

Limitations
This study has several inherent limitations given its retrospective
nature and design. First, the sample size is limited due to the
single-center study design. Second, no standardized outcome
measures for the pain assessment were available. The analysis of
the pain data was limited to chart reviews. Third, we included all
patients who met the criteria for their recurrence, potentially
causing a sampling bias due to this convenient sampling
approach. This may be reflected by an imbalance of patients
receiving EBRT and SBRT as their initial treatment.
CONCLUSION

Single-session RRS appears to be a safe and effective treatment
modality for spinal metastases reoccurring at the same
macroscopic location after initial irradiation. Treatment results
are comparable to reirradiated metastases in the boundary areas.
Toxicity can be effectively limited if appropriate dose constraints
are considered. Given the practicability, single-session RRS may
be a well-suited treatment option given the less time-consuming
treatment delivery if reasonable doses with an adequate coverage
can be applied.
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Background: In certain malignancies, patients with oligometastatic disease benefit from
radical ablative or surgical treatment. The SABR-COMET trial demonstrated a survival
benefit for oligometastatic patients randomized to local stereotactic ablative radiation
(SABR) compared to patients receiving standard care (SC) alone. Our aim was to
determine the cost-effectiveness of SABR.

Materials and Methods: A decision model based on partitioned survival simulations
estimated costs and quality-adjusted life years (QALY) associated with both strategies in a
United States setting from a health care perspective. Analyses were performed over the
trial duration of six years as well as a long-term horizon of 16 years. Model input
parameters were based on the SABR-COMET trial data as well as best available and
most recent data provided in the published literature. An annual discount of 3% for costs
was implemented in the analysis. All costs were adjusted to 2019 US Dollars according to
the United States Consumer Price Index. SABR costs were reported with an average of
$11,700 per treatment. Deterministic and probabilistic sensitivity analyses were
performed. Incremental costs, effectiveness, and cost-effectiveness ratios (ICER) were
calculated. The willingness-to-pay (WTP) threshold was set to $100,000/QALY.

Results: Based on increased overall and progression-free survival, the SABR group
showed 0.78 incremental QALYs over the trial duration and 1.34 incremental QALYs over
the long-term analysis. Treatment with SABR led to a marginal increase in costs
compared to SC alone (SABR: $304,656; SC: $303,523 for 6 years; ICER $1,446/
QALY and SABR: $402,888; SC: $350,708 for long-term analysis; ICER $38,874/QALY).
Therapy with SABR remained cost-effective until treatment costs of $88,969 over the trial
duration (i.e. 7.6 times the average cost). Sensitivity analysis identified a strong model
impact for ongoing annual costs of oligo- and polymetastatic disease states.
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Conclusion: Our analysis suggests that local treatment with SABR adds QALYs for
patients with certain oligometastatic cancers and represents an intermediate- and long-
term cost-effective treatment strategy.
Keywords: OMD, cost-effectiveness (economics), radiation therapy (radiotherapy), cancer, SABR
INTRODUCTION

Metastatic cancers are considered incurable in a variety of tumor
entities. The treatment of choice is systemic therapy. The state of
oligometastatic disease (OMD) was introduced in the mid 90s as
a subcategory of metastatic cancer. With only a limited number
of metastases confined to a few organs, this state may represent a
less aggressive tumor biology and open the possibility of
treatment in a curative intent (1). However, the oligometastatic
state is not fully defined and established (2), and studies
regarding treatment are still unfolding (3).

Treatment options include ablative surgery, stereotactic
ablative radiotherapy (SABR) and other local ablative
procedures like thermal ablation and radioablation, which
show different efficacy depending on anatomic location (4).
Considering treatment of several metastases in different
locations with particularities of their anatomy and
composition, SABR has proven to be a targeted treatment
option with only few side effects (5, 6) and sufficient local
tumor control (7).

The SABR-COMET trial is one of the first phase II trials to
compare treatment of patients with one to five metastases of
varying tumor entities with standard care (SC) to additional
SABR (SABR) (8). The trial demonstrated that combined
treatment extended progression-free survival (PFS) and overall
survival (OS), all while maintaining quality of life (QoL).

Given this new local treatment option, our aim was to
determine the cost-effectiveness of SABR compared to SC,
taking into account PFS, OS and QoL.
METHODS

Model Structure
Our analysis followed recommendations of the Second Panel on
Cost-Effectiveness in Health and Medicine (9). We developed a
partitioned survival model using decision-analytic software
(Treeage Healthcare Pro 2020, Version 20.1.2-v20200326;
Treeage, Williamstown, MA) to assess the cost-effectiveness of
SABR versus SC over the trial duration of 6 years, using a cycle
length of 1 month. Furthermore, long-term survival data was
obtained from the Surveillance, Epidemiology, and End Results
(SEER) Program (10). The partitioned survival analysis model
allows to simulate a patient cohort over time as patients advance
along mutually exclusive health states. During each cycle,
patients could therefore remain in the oligometastatic state,
progress to the polymetastatic disease (PMD) state or die. The
only absorbing state was death.
284
Model Input Parameters
Progression and Survival Probabilities
All individuals started in the oligometastatic state. Monthly
overall and progression-free survival rates were derived from
the Kaplan-Meier analysis of the SABR-COMET trial
(Supplementary Figure 1). Therefore, no adjustment for the
age-related death rate was necessary. For modeling long-term
survival, we referred to the Surveillance, Epidemiology, and End
Results Program (SEER) using the SEER*Explorer. OS data were
pooled from the database for the metastatic stage of the most
frequent cancer entities in the SABR-COMET trial (breast,
colorectal, lung, prostate) and fitted with respect to the
proportion in the study population. The OS course in the
SEER data was used to extrapolate the trial OS curve beyond
the trial period. In detail, the curve was expanded beginning from
the latest reported OS percentage from the trial and continued
with the SEER survival curve at that same percentage. Because of
missing data in terms of PFS, we also applied this data to
extrapolate the long-term course of PFS; for this we
additionally assumed the same proportionality of OS to PFS as
in the SABR COMET trial (Supplementary Table 1). An
overview of the model structure is shown in Figure 1.

Costs
The analysis was performed in a United States setting from a
health care perspective. The ongoing treatment costs for
standard care of OMD and PMD states were derived from
Reyes et al. (11) and accumulated. These accumulated cost
data were used to reflect average annual health expenditures
for the patient population that was investigated in the SABR-
COMET trial. It further allowed to model the differences in
FIGURE 1 | State-transition diagram for modeling cost and effectiveness for
the SABR and SC strategies over time intervals. For example, patients in the
oligometastatic disease state can either remain in the oligometastatic state,
transition to the polymetastatic disease state, or die. Death is an absorbing
state and will discontinue the individual simulation.
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therapy costs during the time intervals spent in the OMD or
PMD state. 55% of patients in the SABR group as well as 63.6% of
patients in the SC group received systemic therapy. Because of
missing information in terms of drug administration, costs were
distributed proportionally in the OMD and PMD group. Costs
for single treatment of SABR were pooled from assorted papers
comprising different fraction numbers and localization of
treatment (12–16). Costs for palliative radiotherapy were
derived from Medicare coverage data (17).

23 patients in the SC group and 16 patients in the SABR
group obtained salvage radiotherapy. 9 patients of the SABR
group received additional salvage SABR. Total costs for
additional radiotherapy were accumulated per group and
factored in as cost items at the beginning of the simulation as
data concerning the time of administration was not available; this
approximation will slightly alter the costs as these would not be
discounted before the actual time of administration. An
additional cumulative single time cost was added for the last
180 days of treatment before death (18).

Therapy-related adverse events higher than or equal to grade
2 occurred in 19 patients in the SABR group and 3 patients in the
SC group. Costs for treatment (19–21) and disutility (22–26)
were pooled from the literature and added as one-time cost and
disutility at the beginning of the analysis. An overview of the
input parameters is given in Table 1. An annual discount of 3%
for costs was implemented in the analysis according to current
recommendations (9). All costs were adjusted to 2019 US Dollars
according to the United States Consumer Price Index.

Utilities
Therapy effectiveness was measured in quality-adjusted life years
(QALYs), calculated by multiplying years spent in OMD and
PMD states by assigned utility weights. Utility weights for OMD
were obtained from the FACT-G-Score used in the SABR-
COMET trial and converted to EQ-5D according to Teckle
et al. (27). Utility weights for PMD were derived from the
literature (24, 26, 28–34). A discount of 3% for utilities was
implemented in the analysis (9).

Cost-Effectiveness Analysis
Treatment strategies were compared in terms of net monetary
benefits, incremental costs, incremental effectiveness, and
incremental cost-effectiveness ratios (ICERs). The willingness-
to-pay was set to $100,000 per QALY as in recent studies (35).
Net monetary benefits combine costs and effectiveness in one
measure: net monetary benefit = (effectiveness × willingness-to-pay)
minus costs.

Sensitivity Analysis
We used comprehensive deterministic and probabilistic
sensitivity analysis (PSA) to test the robustness of the model.
Deterministic one-way sensitivity analysis was performed to
identify variables that significantly influence the model
outcomes. The ranges for deterministic sensitivity analysis
were determined by the 95% confidence interval of the initial
probabilities and by ±20% for costs. Moreover, PSA allows
simultaneous alteration of multiple model input parameters
Frontiers in Oncology | www.frontiersin.org 385
using distributions according to probability density functions
for second order Monte Carlo simulation runs (n=10,000) (36).
The model input parameters were assigned appropriate
distributions as indicated in Table 1. Utilities were varied with
a beta distribution. Treatment costs were modeled by gamma
distribution. Beta distributions were used for disutilities as well as
PFS and OS data.
RESULTS

Base Case Analysis
In the base case analysis of the total study population over the
trial duration of 6 years, SABR led to an increased effectiveness of
0.78 QALY at increased costs of $1,133. The ICER was $1,446 per
QALY. When additional long-term SEER data were applied,
SABR led to an increased effectiveness of 1.34 QALY at
additional costs of $52,180. The corresponding ICER was
$38,874 per QALY. Adverse events only had a minor effect on
our results with a loss of 0.002 QALYs for SABR and 0.0008
QALYs for SC. Incremental costs for treatment of adverse events
amounted to $1,443 for the SABR group and $997 for the
SC arm.

Deterministic Sensitivity Analysis
The results of the deterministic one-way sensitivity analysis are
presented in Figure 2. Costs of systemic therapy of PMD and
OMD possessed the strongest impact on ICER regarding the trial
duration as well as costs of OMD state on long-term survival.
Higher costs of OMD state and lower costs of PMD led to
unfavorable ICER values whereas lower costs for therapy of
OMD state and higher costs of PMD state led to favorable ICER
values. These effects were reversed for the SC strategy. SABR
remained cost-effective even when the costs for SABR and
salvage SABR were increased 7.6 times during the trial
duration and stayed cost-effective when raised up to 8 times
for long-term survival (see Figure 3).

Probabilistic Sensitivity Analysis
Overall, SABR was cost-effective in 100% of Monte Carlo
simulation runs with an ICER of $1,105 per QALY during the
trial duration and $38,740 per QALY for long-term survival in
99.95% of Monte Carlo simulation runs, indicating robustness of
the model. In 47% of simulations, SABR was the dominant
strategy when analyzed with SABR-COMET data, meaning that
it provided better outcomes at lower costs.

The mean incremental effectiveness was positive, meaning
that SABR on average led to increased QALYs. Moreover, the
mean values for the ICERs were below the willingness-to-pay
threshold. The detailed results of the PSA are shown in Table 2.
DISCUSSION

This study evaluated the economic impact of SABR in the
treatment of oligometastatic cancer patients. The analysis
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TABLE 1 | Detailed Model Input Parameters.

Model Input Base Case Value Range for
Sensitivity Analysis*

Distribution Reference

Initial Probabilities
oligometastatic state 1 Palma et al. (8)
polymetastatic state 0
death 0
Survival Probabilities
OS for SC Palma et al. (8)
1st year 0.88
2nd year 0.58
3rd year 0.38 ± 15% ß
4th year 0.18
5th year 0.18
6th year 0.18
OS for SABR
1st year 0.88
2nd year 0.69
3rd year 0.62
4th year 0.52
5th year 0.42
6th year 0.42
PFS for SC
1st year 0.19
2nd year 0.13
3rd year 0.07
4th year 0.04
6th year 0
5th year 0
PFS for SABR
1st year 0.5
2nd year 0.38
3rd year 0.3
4th year 0.21
5th year 0.18
6th year 0.18
Health Care Costs
Annual costs for metastatic disease
cumulative $ 97,440 $ 77,952 - 116,928 y adapted from Reyes et al. (11)
Annual costs for progressive metastatic disease
cumulative $ 189,840 $ 151,872 - 227,808 y adapted from Reyes et al. (11)
End of life costs
Last 180 Days $ 19,174 $ 15,339 - 23,009 y Bekelman et al. (16)
Palliative RT costs
unit costs $ 11,070 $ 8,856 - 13,284 y Agarwal et al. (17)
SABR costs
cumulative $ 11,700 $ 8,190 - 14,040 y Hess et al. (12); Kim et al., 2015; Lanni et al. (14);

Shah et al. (15); Kim et al., 2016
Utilities
OMD 0.82 0.70 - 0.90 ß Palma et al. (8) calculated from Teckle et al. (27)
PMD 0.59 0.50 - 0.70 ß Lloyd et al. (28); Lee at al. (29); Farkilla et al. (30);

Petrou and Campbell (31); Llyod et al. (29), Hudgens
et al. (32); Paracha et al. (33); Paracha et al. (26);
Nafees et al. (24)

Adverse Events
Disutility SABR: -0.002

SC: -0.0008
± 10% ß Palma et al. (8)

Hagiwara et al. (22); Chouaid et al. (23); Wehler
et al., 2018; Paracha et al. (26)

Treatment costs SABR: $ 1,443
SC: $ 997

SABR: $ 1,154 - 1,732
SC: $ 798 - 1,196

y Palma et al. (8)
Wong et al. (19)
Copley-Merriman et al. (20); Ting et al. (21)
Frontiers in Oncology | www.frontiersin.org
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Detailed model input parameters. Survival probabilities and utility for OMD were derived from the SABR-COMET trial. All costs, transitions probabilities for long term survival as well as utility
for PMD and disutility from adverse events were derived from the literature. Ranges for deterministic sensitivity analysis were determined by the 95% confidence interval of the initial
probabilities and by ±20% for costs. For PSA y-distribution for costs and ß-distribution for utilities was applied. All costs were converted to 2019 USD. *The minimum and maximum values
for ranges were derived from reported 95% confidence intervals or from calculated 95% confidence intervals with the use of variance estimates as available.
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indicates that SABR is a cost-effective treatment option
compared to SC alone. Additional costs of SABR were partly
amortized due to longer progression-free survival in the OMD
state, which was accompanied with lower treatment costs of
systemic treatment. As expected, DSA demonstrated a relevant
impact of treatment costs on the ICER. Yet even with an increase
in SABR treatment costs up to about sevenfold, the SABR
treatment strategy remained cost-effective.

The SABR-COMET trial is the first basket study to prove
survival benefits of SABR treatment in patients with OMD across
different cancer entities. Previous cost-effectiveness analysis
indicated cost-effectiveness for SABR in oligometastatic
prostate cancer and NSCLC (37, 38). Recently, two economic
analyse have also analyzed the cost-effectiveness of the SABR-
COMET trial (39, 40). Kumar et al. (39) assessed that treatment
with SABR is cost-effective in 99.8% of cases at a WTP threshold
of $100,000 per QALY, with an ICER of $28,906 per QALY in a
Frontiers in Oncology | www.frontiersin.org 587
US health care setting after a 10-year horizon. Qu et al. (40)
showed that SABR is cost-effective over a lifetime horizon in 97%
of cases at a WTP threshold of $100,000 per QALY with an ICER
of $54,564 per QALY. Kumar et al. used SEER data for long-term
analysis over 10 years in total with an increased ICER of $79,406
per QALY if costs for treatment were continued. A detailed
comparison of methods and results of these studies is provided in
Table 3. These data provide external validation and demonstrate
robustness of the cost-effectiveness of SABR. Similar to our
analysis, Kumar et al. showed cost-effectiveness for SABR up to
a 10-fold increase in treatment costs.

In contrast to our study, Kumar et al. assumed treatment with
SC for all patients and did not include costs for salvage or
palliative radiotherapy. Qu et al. used data directly from the
SABR-COMET trial, which is not publicly available in its
entirety. Moreover, the discount rate was adapted according to
Canadian guidelines for the Economic Evaluation of Health
Technologies with 1.5% and not 3% as in Kumar et al. and our
study. Qu et al. report a non-linear relationship between the
number of lesions and the PFS hazard ratio (HR) with the need
of decreasing the HR by 0.047 for each additional metastasis to
maintain cost-effectiveness for SABR.

Further studies including phase III trials are required to
validate the results. Several studies are ongoing at the moment.
These include the phase III of the SABR-COMET trial, namely
SABR-COMET-3 (41) and SABR-COMET-10 (42), investigating
the impact of SABR on patients with 1-3 metastases or 4-10
metastases respectively. By analyzing these two subpopulations,
Palma et al. will help to clarify the uncertainty up to which
number of metastases patients benefit from SABR. Further phase
III trials include the SARON study comparing SC versus SABR
and SC for oligometastatic NSCLC with 1-5 metastases in up to a
maximum of 3 organs (43), NRG-BR002 investigating systemic
therapy versus SABR or surgery combined with systemic therapy
in breast cancer with less than 4 metastases (44), and the HALT
trial examining the effect of SABR under tyrosine kinase
inhibitor (TKI) therapy versus TKI treatment alone in
metastatic disease with equal to or less than 3 sites of
metastases (45).
A B

FIGURE 2 | Tornado diagrams for the sensitivity analysis during (A) the trial duration and (B) long-term simulation extrapolated based on SEER survival data.
(A) Costs for PMD and OMD demonstrated the strongest impact on ICER during trial duration. (B) For long-term analysis costs for PMD influenced ICER the
most followed by costs for PMD and utility for OMD.
FIGURE 3 | One-way sensitivity analysis proved cost-effectiveness
for SABR up to unit costs of $88,696 over the trial duration and $93,750
for long-term survival for a willingness-to-pay (WTP) threshold of
$100,000/QALY.
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The study results should be interpreted with knowledge of the
following limitations. First, the current state of evidence on
SABR in OMD is still limited by the sample size of the
underlying trial; current phase III trials are ongoing. Second,
the FACT-G score was stated only for whole populations of study
groups. No distinction was made between progression-free and
progressive patients. Data on progression-related decrease in
QoL were not publicly available from the SABR-COMET study.
Third, no information was provided concerning which patients
received systemic therapy. Therefore, in our analysis we used the
Frontiers in Oncology | www.frontiersin.org 688
same percentage for treatment with systemic therapy in the
progression-free as well as the progressive patient group to
avoid introducing any bias. Fourth, because of rapidly
changing treatment regimens, specifying a cost for systemic
treatment may remain a source of inaccuracy.

Fifth, missing information on which treatment was
administered and the inclusion of diverse tumor entities
represents a challenge for precise estimation of costs for
systemic cancer treatment. This may influence cost-
effectiveness as one-dimensional sensitivity analysis
TABLE 2 | Cost-effectiveness analysis results.

Trial duration
Patient group Cost ($) IC ($) Effect (QALY) IE (QALY) NMB ($) ICER Acceptability

($/QALY) at WTP (%)

SABR 304,459 1,105 2.58 0.78 -46,000 1,412 100
SC 303,354 1.80 -123,149
Long-term analysis
Patient group Cost ($) IC ($) Effect (QALY) IE (QALY) NMB ($) ICER Acceptability

($/QALY) at WTP (%)
SABR 403,149 52,072 3.37 1.34 -66,632 38,740 99.95
SC 351,077 2.02 -148,975
June
 2021 | Volume 11 |
Results of cost-effectiveness analysis. SABR proved to be cost effective over the trial duration as well as long-term analysis with an ICER of $1,405 and $38,740 respectively. The
willingness-to-pay was set to $100,000 per QALY. SABR, stereotactic ablative radiotherapy; SC, standard care; NMB, net monetary benefit; ICER, incremental cost-effectiveness ratio; IC,
incremental cost; IE, incremental effectiveness; WTP, willingness-to-pay threshold.
TABLE 3 | Comparison of SABR-COMET cost-effectiveness analysis.

Mehrens et al. Kumar et al. Qu et al.

Region US US Canada/US
Year 2019 2019 2018
Perspective healthcare healthcare/societal healthcare
Model PSA Markov Markov
Duration 16 years 10 years 20 years
Cycle length monthly monthly 3 months
WTP 100,000 USD 100,000 USD 100,000 CAD
Discount 3% 3% 1.50%
Analysis BCS/DSA/PSA BCS/DSA/PSA BCS/DSA/PSA
Input
Survival data SEER SEER Weibull
Cost SABR 11,700 USD/treatment 12,242 USD/treatment 8,378 CAD/

metastasis (1-5)
Cost SC (annually) 97,440 USD

189,840 USD
(cancer progression)

96,468 USD
185,436 USD
(cancer progression)

chemotherapy 20,813 CAD
base cost 14,510 CAD
base cost terminal 94,760 CAD

Results (healthcare)
Total cost
SABR 403,149 USD 460,161 USD 169,693 CAD
SC 351,007 USD 405,901 USD 135,452 CAD
Effectiveness
SABR 3.37 4.84 2.77
SC 2.02 2.96 1.85
ICER 38,740 USD 28,906 USD 37,157 CAD

54,564 USD
Acceptability SABR 99.95% 99.8% 97%
Miscellaneous SABR cost-effective until 93,750 USD SABR cost-effective until 145,688 USD

cost-effective for a hazard ratio from 0.3 until 0.76
to remain cost-effective, the HR must decrease
by approx. 0.047 for each additional metastasis
Comparison of different cost-effectiveness analysis of the SABR-COMET trial. Results stated are from a healthcare perspective and only long-term survival data were compared. Currency
as well as year of the respective analysis were not adapted. Our study demonstrated similar results as the analysis of Kumar et al. Input parameters as well as results from Qu et al. differed
from our study as well as from Kumar et al. In probability sensitivity analysis SABR was cost-effective in nearly all of the iterations. PSA, Partitioned survival analysis; BCS, Base case
scenario; DSA, Deterministic sensitivity analysis; USD, US-Dollar; CAD, Canadian Dollar.
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demonstrated a great impact of costs for systemic treatment on
the ICER. We therefore chose a restrictive approach for our cost-
effectiveness analysis, which still indicated cost-effectiveness for
the SABR group. Sixth, long-term survival data was obtained
from SEER-Program with only OS being available. We deployed
these data to also model PFS. Moreover, changes in systemic
therapy with more efficient treatments (46, 47) as well as
technical advances in planning and performing SABR with
accompanying reduction of costs (7) have to be taken into
account to obtain an authentic cost estimate in the future.

In conclusion, local treatment with SABR adds QALYs for
patients with oligometastatic disease across selected cancer
entities in SABR-COMET and represents an intermediate- and
long-term cost-effective treatment strategy.
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Purpose: This study aimed to evaluate the efficacy and safety of trans-arterial
chemoembolization (TACE) followed by stereotactic body radiation therapy (SBRT) in
treating Barcelona Clinic Liver Cancer (BCLC) stage B hepatocellular carcinoma (HCC) not
amenable to resection and radiofrequency ablation (RFA).

Methods: From February 2012 to January 2017, a total of 57 BCLC stage B HCC
patients who were unsuitable candidates for resection and RFA treated with TACE
combined with CyberKnife SBRT were included in this retrospective study. Patients
underwent TACE for a median of two times (1–5 times) before SBRT. SBRT prescription
doses ranged from 30 Gy to 50 Gy in 3–5 fractions.

Results: The median follow-up time was 42 months. The objective response rate (CR +
PR) was 85.9%, and the disease control rate (CR + PR + SD) was 96.5%. The local control
(LC) rates were 91.1% and 84.3% at 1 and 2 years, respectively. The 1-, 2-, 3-year overall
survival (OS) and the median survival time were 73.2%, 51.4%, 32.4% and 26.6 months,
respectively. The 1-, 2-, and 3-year progression-free survival (PFS) were 34.2%, 21.6%,
and 9%, respectively, with a median PFS time of 9.7 months. A subgroup analysis was
conducted in 32 patients with AFP ≥ 200 ng/ml before TACE. OS was significantly
prolonged in those with AFP that decreased by more than 75% than those with AFP that
decreased by less than 75% (P = 0.018) after SBRT. The treatment was well tolerated with
only one patient (1.8%) developed grade 3 gastrointestinal toxicity, and another patient
developed non-classical RILD. In multivariate analysis, tumor length ≥ 10 cm and AFP ≥

200 ng/ml were independent poor prognostic factors for OS.

Conclusion: The combination of TACE and Cyberknife SBRT showed optimal efficacy
with acceptable toxicity for BCLC stage B HCC.

Keywords: hepatocellular carcinoma, trans-arterial chemoembolization, CyberKnife, stereotactic body radiation
therapy, BCLC B
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INTRODUCTION

Primary liver cancer is the sixth most commonly diagnosed
cancer, and its mortality rate ranks fourth around the world.
According to the estimates of GLOBOCAN 2018 statistics
produced by the International Agency for Research on Cancer
of the World Health Organization, there are about 841,000 new
cases and 782,000 deaths due to liver cancer annually. The ratio
of death to new cases is as high as 0.9 (1). China is the worst-hit
area of primary liver cancer with a 5-year survival rate of around
10% (2). Liver resection and transplantation are the main radical
treatments and associated with superior clinical outcome, but
liver cancer is difficult to diagnose early and progresses rapidly.
Only 15% of patients could receive surgical treatment when
diagnosed. For patients with Barcelona Clinic Liver Cancer
(BCLC) stage B hepatocellular carcinoma (HCC), trans-arterial
chemoembolization (TACE) is the recommended therapy.
However, the tumor response rate after TACE and local
control (LC) rate for those with tumors larger than 5 cm,
multiple intrahepatic lesions, cirrhosis, or portal vein tumor
thrombus (PVTT) are still not satisfactory (3, 4). All these data
highlight the unmet need of optimizing the loco-regional therapy
effect in the management of HCC.

The National Comprehensive Cancer Network (NCCN)
guidelines recommended that TACE combined with radiotherapy
could improve the LC rate and prolong the survival time of patients
with unresectable HCC, which was more effective than TACE and
sorafenib (5, 6). However, the role of conventional radiotherapy in
HCC has long been overlooked because of the low tolerance of the
whole liver to radiation. Delivering high tumoricidal dose without
causing radiation-induced liver disease (RILD) and affecting
adjacent stomach, duodenum, and other endangered organs is
difficult (7). In recent years, with the improvements of
radiotherapy technology, SBRT, a highly conformal radiation
therapy with high geometric precision and accuracy, can deliver a
potent dose to target lesions while reducing the dose to adjacent
normal tissues, providing a new therapeutic option for inoperable
HCC patients. TACE combined with SBRTmight have synergistic
effects in the treatment of patients with inoperable HCC (8–11).
Theoretically, TACE is well controlled in the tumor center but
poorly controlled in the oxygen-rich area around the tumor,
whereas SBRT is poorly controlled in the hypoxic area in the
large tumor center but has a good curative effect in the oxygen-
rich area around the tumor. The combination of the two treatment
strategies can compensate for each other’s deficiencies and give full
play to their advantages. Thus, in this study, we retrospectively
analyzed the clinical outcome of combined CyberKnife SBRT and
TACE in the treatment of BCLC stage B HCC. The results are
reported as follows.
MATERIALS AND METHODS

Clinical Data
From February 2012 to January 2017, a total of 57 patients with
BCLC stage B primary liver cancer who received TACE
combined with CyberKnife SBRT treatment in Nanjing Jinling
Frontiers in Oncology | www.frontiersin.org 292
Hospital were included in this retrospective study. Inclusion
criteria: 1. Patients were diagnosed as HCC by biopsy, and the
imaging manifestations were nodular or lumpy; 2. BCLC stage B,
Child–Pugh score A–B7 and ECOG 0–1; 3. Unsuitable for
resection, liver transplantation, or local ablation therapies
according to the comprehensive assessment of hepatobiliary
surgery experts, oncologists, interventional experts, and
radiologists; 4. Remaining healthy liver > 700 ml. Exclusion
criteria: 1. Portal vein thrombus, lymph node involvement, and
extrahepatic metastasis; 2. ECOG ≥ 2; 3. Poor liver function with
Child–Pugh score of C; 4. Diffuse liver cancer or nonmeasurable
lesion, tumor number ≥ 4; 5. Other life-threatening conditions,
such as cardiac ischemia or cerebrovascular accident within the
last 6 months.

From February 2012 to January 2017, a total of 57 patients
received the combined TACE and CyberKnife SBRT treatment
as presented above. In our study, 44 (77.2%) patients were
hepatitis B carriers. All patients had BCLC stage B disease. The
median tumor size was 8.4 cm (range, 4.5–16.3 cm). None of the
patients had previously received any other treatment, and no
patient dropped out after TACE. The median number of TACE
is 2 (range, 1–5). The CyberKnife SBRT prescription doses
ranged from 30 Gy to 50 Gy in 3–5 fractions. The median
BED10 was 100 Gy (range, 48–124 Gy). The median interval
between TACE and SBRT was 37 days (23–69 days). Baseline
patient and tumor characteristics are displayed in Table 1.

Treatment
TACE: Percutaneous puncture of the femoral artery with
Seldinger technique was performed. The catheter was inserted
into the hepatic artery or celiac axis under the guidance of
DSA. Contrast agent was injected into the catheter to determine
the location, size, number, and supply artery of the tumor.
After the target lesion is determined, a catheter will be inserted
to the feeding artery branch. A mixture of 5–20 ml of lipiodol
and chemotherapy agents such as 30–40 mg/m2 cisplatinum,
20–40 mg THP, or 500–1500 mg fluorouracil glycosides was
slowly injected through the catheter to the tumor site. The
amount of the mixture emulsion should depend on the tumor
size and arterial blood flow. Thereafter, gelatin sponge particle
gelfoam embolization was conducted. Liver enhanced MRI and
CT scans were performed 3 to 4 weeks after TACE to evaluate
the lesion and short-term efficacy. TACE was repeated 1 to 5
times at intervals of 4 to 6 weeks. The median interval between
the last cycle of TACE and CyberKnife SBRT was 37 days (23–
69 days).

CyberKnife SBRT: All patients were implanted with 3–6 gold
fiducials (size of 6.0 mm × 0.8 mm) within or around the tumor
using a CT-guided 19 G needle. A CT plain and enhanced scan
was performed about 7 days after the implantation. At this time,
edema and local hemorrhage subsided, and the gold fiducials
were relatively stable and immobile.

Patients were placed in a supine position and used a vacuum
pad to fix the body. CT scanning was conducted, and the slice
thickness was 1 mm. Hepatic scans ranged 15 cm above and
below the lesions. The gross target volume (GTV) was defined as
visible liver tumors at the arterial phase or at the delayed portal
July 2021 | Volume 11 | Article 640461
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phase on the CT or MRI scan. The planning target volume (PTV)
was defined as GTV plus a margin of 3 to 5 mm. After expansion,
the area of the PTV should be adjusted according to the adjacent
critical organs at risk. According to the tumor size, location, and
critical organ constrains, patients were treated with prescription
dose ranging from 30 Gy to 50 Gy for 3–5 times. Respiratory
synchronization and gold standard tracking technology were
adopted during the treatment. The prescribed isodose line should
encompass >95% of PTV. Dose constraints for critical structures
are shown in Table 2.
Frontiers in Oncology | www.frontiersin.org 393
Follow-Up and Evaluation
Enhanced upper abdominal CT and MRI were conducted 1
month after the completion of CyberKnife treatment, every 3
months in the first 2 years, and then every 6 months thereafter.
According to the Modified Response Evaluation Criteria in Solid
Tumors (12), the assessment results were divided into complete
response (CR), partial response (PR), progressive disease (PD),
and stable disease (SD). LC was defined as no progression within
the PTV (patients undergoing liver transplantation or resection
after the combined treatment were censored). Progression-free
survival (PFS) was defined as the period from the beginning of
TACE to the radiological progression of any lesion, appearance
of new lesions, or the time at which the patient passed away,
whichever occurred first. Overall survival (OS) was defined from
the date of starting TACE until death or the final follow-up.
Toxicity assessment was based on the National Cancer Institute
Common Terminology Criteria for Adverse Events version 4.0.
Liver-specific toxicity consists of classic and non-classic RILD.
Classic RILD was defined as an increase in alkaline phosphatase
exceeding two times the upper limit of normal, and non-classic
RILD was defined as an increase in transaminase over five times
the upper limit of normal, under the circumstances of lack of
disease progression or malignant ascites (13).

Statistical Analysis
SPSS 22.0 statistical software was used for data analysis. LC, PFS,
and OS were calculated using the Kaplan–Meier method.
Univariate analyses were used to investigate the relationship
between all independent variables and OS. Any factors that were
significant in univariate analyses were incorporated into
multivariate analyses using the Cox proportional hazards
model. P < 0.05 was considered statistically significant.
RESULTS

LC
After CyberKnife SBRT, liver MRI and/or abdominal CT was
evaluated in all patients. CR occurred in 11 patients (19.3%), 38
(66.6%) patients achieved PR, 6 (10.5%) patients showed SD, and
2 (3.5%) cases developed PD. The objective response rate (ORR =
CR + PR) was 85.9%. The disease control rate (DCR = CR + PR +
SD) was 96.5%. The 1- and 2-year LC rates were 91.1% and
84.3%, respectively (Figure 1).
TABLE 2 | Dose constraints for critical organs.

Critical organs Dose constraints (treatment in 3–5 fractions)

45-48Gy/3F 40-48Gy/4F 30-50Gy/5F

Volume Dose Volume Dose Volume Dose

Remaining healthy liver ≥700cc ≤5.7Gy/fx ≥700cc ≤4.8Gy/fx ≥700cc ≤4.2Gy/fx
Stomach Any point 7.4Gy/fx Any point 6.8Gy/fx Any point 6.4Gy/fx
Duodenum Any point 7.4Gy/fx Any point 6.8Gy/fx Any point 6.4Gy/fx
Renal cortex ≥200cc ≤4.8Gy/fx ≥200cc ≤4Gy/fx ≥200cc ≤3.5Gy/fx
Spinal cord Any point 7.3Gy/fx Any point 6.5Gy/fx Any point 6Gy/fx
July 20
21 | Volume 11 | Artic
TABLE 1 | Baseline patient and tumor characteristics of the 57 patients.

Item Cases Percentage(%) or median

Age
<65 29 50.9
≥65 28 49.1

Gender
Male 46 80.7
Female 11 19.3

HBVs Ag
positive 44 77.2
negative 13 22.8

Pre-TACE AFP (ng/ml)
<200 25 43.9
≥200 32 56.1

AST(U/L)
≤40 19 33.3
>40 38 66.7

Total bilirubin (mg/dl)
≥2 9 84.2
<2 48 15.8

Size of largest lesion
≥10cm 17 8.4 (4.5-16.3)cm
<10cm 40

Number of lesions
1 37 64.9
2-3 20 35.1

Child-Pugh score
A 47 82.5
B 10 17.5

BED10, Gy
≥100 30 100 (48-124)
<100 27

Dose/Fraction
45-48Gy/3F 14 24.6
40-48Gy/4F 7 12.3
30-50Gy/5F 36 63.2

Number of TACE
1-2 36 2 (1-5)
>2 21
le 640461
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PFS and OS
As of the last follow-up date (February 25, 2020), the median
follow-up time was 42 months (range, 6.6–44.5 months). Four
patients (7.0%) were lost to follow-up at the time of analysis, 1
patient (1.7%) underwent surgical resection, and 1 patient (1.7%)
underwent liver transplantation, all of which were recorded as
censored. The median OS was 26.6 months (95% CI 18.27–
34.92), and the 1-, 2-, and 3-year OS were 73.2%, 51.4%, and
32.4%, respectively (Figure 2). The median PFS was 9.7 months
(95% CI 7.42–11.97), and the PFS was 34.2%, 21.6%, and 9% at 1,
2, and 3 years, respectively (Figure 3).

Prognostic Factors for OS
The univariate analysis of OS identified five poor prognostic
factors, including tumor diameter ≥ 10 cm, multiple nodules,
AFP ≥ 200 ng/ml, BED10 < 100 Gy, and TACE times > 2. The
significant factors of univariate analysis were enrolled in the
multivariate analysis using the Cox proportional hazards
regression model. The results showed that tumor diameter ≥
10 cm and pretreatment AFP ≥ 200 ng/ml were associated with
poorer OS (Table 3).

Subgroup Analysis of AFP Determined OS
A subgroup analysis was performed on 32 patients with
pretreatment AFP ≥ 200 ng/ml. Within 3 months after
CyberKnife SBRT, the AFP of 18 patients (56.3%) decreased by
more than 75%, and their OS was significantly longer than those
whose AFP decreased by less than 75% (P = 0.018) (Figure 4).

Side Effects
Patients mainly experienced grade 1 or 2 fatigue; nausea; vomiting;
and hematological toxicity such as anemia, leukopenia,
thrombocytopenia, hyperbilirubinemia, and AST elevation. Grade
Frontiers in Oncology | www.frontiersin.org 494
3 or above adverse events included anemia (3.5%), leukopenia
(5.3%), thrombocytopenia (7.1%), AST elevation (5.3%), and
hyperbilirubinemia (7%). Three months after the treatment, no
patient developed classic RILD, but one patient presented non-
classic RILD. One patient developed gastric ulcer 5 months after
treatment (Table 4). The adverse effects gradually improved after
symptomatic treatment. No patients had gastrointestinal
perforation, and no treatment-related deaths were found. Before
FIGURE 1 | Kaplan–Meier analysis of LC.
FIGURE 2 | Kaplan–Meier estimates of OS.
FIGURE 3 | Kaplan–Meier estimates of PFS.
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TACE treatment, 82.5% of patients had a Child–Pugh score of A,
and 17.5%ofpatients had aChild–Pugh score ofB.However, after 1
month of CyberKnife treatment, 47.4% of patients had a Child–
Pugh score ofA, and 45.6%of patients had aChild–Pugh score of B.
DISCUSSION

The current guidelines formulated by the NCCN and American
Association for the Study of Liver Diseases recommend TACE as
the preferred treatment for inoperable HCC. According to the
treatment algorithm of the BCLC, TACE is considered as the
first-line treatment for intermediate-stage HCC patients who are
not suitable for surgical resection or tumor ablation. However,
TACE alone demonstrated a dismal CR rate of only 0%–4.8%,
and patients cannot achieve satisfactory long-term survival, the
Frontiers in Oncology | www.frontiersin.org 595
5-year cumulative survival rate of which is only 1%–8% (14).
When the tumor size is 5–7 and ≥8 cm, the 2-year OS is only 42%
and 0%, respectively (15). Hence, TACE alone might not be
sufficient for managing large tumors. Y. Kawamura (16) found
that TACE alone can only eradicate 22%–50% of tumor tissues as
determined by pathological examination and can minimally
eradicate the tumor completely. Thus, TACE was considered as
a palliative treatment. To improve the tumor response rate and
prolong survival, a large number of studies currently considered
the concept of combining TACE with another local therapy,
including RFA (17), percutaneous ethanol injection (PEI) (18),
and radiotherapy. However, some lesions are unsuitable for RFA
and PEI. For example, when the tumor is adjacent to the liver
capsule, ablation treatment may lead to rupture of the liver
capsule and thus may cause tumor dissemination. Moreover,
patients whose tumors are located close to important large blood
vessels, bile duct, or gallbladder or deep inside the liver including
PVTT are not candidates for percutaneous puncture ablation.

A meta-analysis (5) of 25 studies involving a total of 2,577
patients with unresectable HCC showed the benefits of TACE
combined with radiotherapy (mainly three-dimensional
conformational radiotherapy) with CR, PR, and 1–5 year OS
rates being significantly higher in the combined treatment group
than in the chemoembolization alone group (P < 0.001).
However, the pooled analysis indicated that the adverse events
including gastrointestinal ulcers (OR, 12.80; 95% CI 1.57–
104.33), ALT elevation (OR, 2.46; 95% CI 1.30–4.65), and total
bilirubin (OR, 2.16; 95% CI 1.05–4.45) were also increased in the
combined treatment group. CyberKnife SBRT, which features
high-precision radiotherapy, makes up for the deficiency of
conventional radiotherapy (19). Several reports indicated that
SBRT has a high LC rate and safety in the treatment of liver
tumors (8, 19–22). However, the LC rate of SBRT alone in
treating increased tumor volume is not satisfactory (10, 23).

In recent years, an increasing number of studies have
demonstrated that combination therapy benefits LC compared
with monotherapy in the treatment of unresectable HCC (9, 24).
In a retrospective study of adjuvant SBRT following TACE in
patients who were unsuitable for surgical resection with tumors
≥ 3 cm, Jacob et al. (9) reported that the local recurrence rate was
significantly lower in the TACE plus SBRT group compared with
the TACE alone group (P = 0.04). Baek Gyu Jun (24) conducted a
propensity score matching analysis on HCC patients with tumor
TABLE 3 | Univariate and multivariate analyses of prognostic factors for OS.

Univariate HR (95%CI) P value Multivariate HR (95%CI) P value

Gender (male vs. female) 0.930 (0.65-1.32) 0.687 — —

Age (≥65 vs. <65) 1.204 (0.67-2.14) 0.529 — —

HB vs. Ag (positive vs. negative) 0.883 (0.44-1.74) 0.720 — —

AFP (≥200 vs. <20ng/ml) 0.351 (0.18-0.65) 0.001 0.294 (0.15-0.55) 0.000
AST(>40 vs. ≤40U/L) 0.913 (0.66-1.25) 0.573 — —

Total Bilirubin ( ≥2 vs. <2mg/dl) 1.016 (0.67-1.52) 0.938 — —

Tumor size (≥10 vs. <10cm) 0.477 (0.34-0.66) 0.000 0.430 (0.30-0.61) 0.000
Tumor number(single vs. Multiple) 0.670 (0.49-0.90) 0.009 — —

Child-Pugh score (A vs. B) 0.736 (0.50-1.06) 0.104 — —

TACE(1-2 vs. >2) 0.697 (0.51-0.93) 0.016 — —

BED10 (≥100 vs. <100Gy) 1.619 (1.19-2.20) 0.002 — —
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FIGURE 4 | Kaplan–Meier OS curves:AFP decreased more than 75% vs.
AFP decreased by less than 75% (P = 0.018).
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size ≤ 5 cm and found that the TACE+SBRT group showed
significantly higher 1- and 3-year LC rates (91.1% and 89.9%,
respectively) than the TACE alone group (69.9% and 44.8%,
respectively; P < 0.001). A phase 2 trial of SBRT as a local salvage
treatment after incomplete TACE in patients with HCC < 10 cm
was conducted. The results demonstrated that TACE+SBRT
treatment achieved promising tumor response rate and LC rate
(8). A total of 57 patients with BCLC stage B HCC were enrolled
in our study with a median tumor size of 8.4 (range, 4.5–16.3)
cm. After the treatment, CR occurred in 11 patients (19.3%).
ORR occurred in 49 patients (85.9%), which was superior to
17%–62% in previous studies of TACE alone (25). LC rates at 1
and 2 years were 91.1% and 84.3%, which were comparable to
those achieved in previous studies (26, 27).

Clinical data have shown that TACE combined with SBRT
in the treatment of unresectable HCC has better long-term
survival than TACE or SBRT alone (10, 28). Tiffany CL (28)
conducted a propensity score matching analysis including 49
cases of TACE and SBRT combined therapy and 98 cases of
TACE alone. The results showed that the median PFS and OS
of the combined treatment group were 7.6 and 23.9 months,
respectively. The PFS at 1 and 3 years was significantly
improved in the combined treatment group (P = 0.012).
Meanwhile, the 1- and 3-year OS was also significantly
prolonged in the TACE plus SBRT group (P = 0.003). Ting-
Shi Su (10) found that in unresectable HCC with tumor size ≥
5 cm, patients who received TACE followed by SBRT achieved
longer OS than those who only received SBRT monotherapy. In
our study, the median OS was 26.6 months (95% CI 18.277–
34.923). The 1-, 2-, and 3-year OS rates were 73.2%, 51.4%, and
32.4%, respectively. The median PFS was 9.7 months (95% CI
7.427–11.973). The PFS at 1, 2, and 3 years was 34.2%, 21.6%,
and 9%, respectively. Previous studies reported that SBRT
treatment for unresectable HCC has a 2-year OS of 34%–
68.7% and PFS up to 33.8%–48% (8–11), which are slightly
better than the results in our study. This is probably because
the median tumor size in most of these studies was around
5 cm, whereas the tumor volume in our study was relatively
large, with a median tumor diameter of 8.4 cm. C.L Chiang
(27) retrospectively evaluated the efficacy of TACE combined
with SBRT as initial therapy in BCLC stage B-C HCC. The
median prescription dose in an equivalent dose of 2 Gy per
fraction (EQD2, a/b = 10) was 37.3 Gy, and BED10 was 44.76
Gy. The median OS was 19.8 months. Subgroup analysis found
Frontiers in Oncology | www.frontiersin.org 696
that the median OS of BCLC stage B patients was 25.7 months,
and the median PFS was 9.1 months (95% CI, 7.2–19.8). The
OS in our study seems more favorable than that in the above
study, which may be due to the higher prescription dose in our
study (100 Gy for mBED10). Higher effective biological dose
might result in better LC and long-term survival rate.

Although 30%–40% of primary liver cancer is negative for
AFP (29), it is still a sensitive tumor marker for the detection of
HCC and a useful predictive factor due to its specificity for
patient survival after locoregional or systemic treatment in HCC
(30, 31). A South Korean study reported that AFP normalization
within 3 months after SBRT was a prognostic surrogate for OS
and PFS in patients with small HCC (32). The prognostic value
of AFP normalization after SBRT is still unknown due to the lack
of randomized controlled studies and several other factors. First,
there is no uniform standard of the optimal decrement of the
AFP level. Second, the cut-off value of pretreatment AFP that
would be adequate in order to apply AFP normalization as a
surrogate is still unknown. In this study, we found that
pretreatment AFP level ≥ 200 ng/ml was an independent
adverse prognostic factor for OS. In addition, we conducted a
subgroup analysis, which indicated that within 3 months after
CyberKnife SBRT, the OS was significantly increased in patients
whose AFP decreased by more than 75% compared with those
whose AFP decreased by less than 75%. Moreover, the difference
was statistically significant (P = 0.018). This result was consistent
with previous reports of Erhua Yao (33).

With regard to the side effects, TACE combined with
CyberKnife SBRT was well tolerated, with the majority of
adverse effects being grade 1 and 2. No patient exhibited
classic RILD, but one patient had liver transaminase elevation
without disease progression, which is defined as non-classic
RILD. One patient developed gastric ulcer, whose target lesion
was adjacent to the stomach. The maximum point dose reached 7
Gy*5fx, which might exceed the tolerance of the stomach. The
toxic reaction could be gradually repaired after symptomatic
treatment. The treatment-related adverse effects for most
patients were tolerable, which may be due to the fact that
82.5% of the patients in this study had a Child–Pugh score of
A. In addition, the interval between the last TACE and
CyberKnife was more than 3 weeks, exceeding the time
window of liver function repair, which was conducive to the
recovery of liver function. Consistent with the opinion of most
previous studies, TACE combined with SBRT was well tolerated
TABLE 4 | Side effects after SBRT.

Grade1-2, n (%) Grade 3, n (%) Grade 4, n (%) Grade 5, n (%)

Fatigue 19 (33.3) 0 (0) 0 (0) 0 (0)
Nausea 13 (22.8) 0 (0) 0 (0) 0 (0)
Vomiting 8 (14.0) 0 (0) 0 (0) 0 (0)
Gastric ulcer 0 (0) 1 (1.8) 0 (0) 0 (0)
Anemia 10 (17.5) 2 (3.5) 0 (0) 0 (0)
Leukopenia 18 (31.6) 2 (3.5) 1 (1.8) 0 (0)
Thrombocytopenia 26 (45.6) 3 (5.3) 1 (1.8) 0 (0)
Elevation of AST 17 (29.8) 3 (5.3) 0 (0) 0 (0)
Hyperbilirubinemia 11 (19.3) 4 (7) 0 (0) 0 (0)
Non-classic RILD 0 (0) 1 (1.8) 0 (0) 0 (0)
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in the treatment of HCC patients with Child–Pugh score of A/B7
(8). However, Lasley (34) found that the hepatotoxicity of patients
with Child–Pugh score of B was increased compared with that of
patientswithChild–Pugh score ofA after SBRT, suggesting that the
use of this treatment should be cautioned in patients with Child–
Pugh score ofB.The latest technology,MRI-based radiotherapy can
provide real-time visualization of both the tumor and nearby
organs, potentially reduce toxicity to critical structures. Superior
to CT-guided radiotherapy, this technology has the potential to
define tolerances to gastrointestinal and hepatobiliary structures,
which might increase the number of patients eligible for high-dose
ablative liver radiotherapy (35).

This study has several limitations. First, this is a retrospective
cohort study froma single SBRTcenter, and the resultsmight not be
generalizable. Second, the number of enrolled patients is relatively
small. Further randomized controlled studies are needed to address
the limitations and determine the intended population, the most
appropriate time for SBRT, the optimal number of TACE before
SBRT, and the formulation of prescription dose and fractions in
combination therapy. Recently, a randomized phase 3 trial
(IMbrave150) showed that atezolizumab plus bevacizumab can
prolong OS and PFS than sorafenib in patients with advanced
unresectable BCLC B-C HCC (36). Immunotherapy has become
the new standard of care for advanced HCC. Further studies are
warranted to investigate the optimal algorithm of these therapeutic
options in advanced unresectable HCC.
CONCLUSION

In conclusion, treatment with TACE plus CyberKnife SBRT was
associated with optimal efficacy and acceptable toxicity in
patients with unresectable BCLC B HCC.
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