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ABSTRACT

Introduction: Stereotactic body radiation therapy (SBRT) is increasingly utilized for patients
with recurrent and metastatic sarcoma. SBRT affords the potential to overcome the relative
radioresistance of sarcomas through delivery of a focused high biological effective dose (BED) as
an alternative to invasive surgery. We report local control outcomes after metastatic sarcoma SBRT
based on radiation dose and histology.

Methods: From our IRB-approved single-institution registry, all patients treated with SBRT for
metastatic sarcoma between 2014 and 2020 were identified. Kaplan-Meier analysis was used to
estimate local control and overall survival at 1 and 2 years. A receiver operating characteristic (ROC)
curve was generated to determine optimal BED using an o/f ratio of 3. Local control was compared
by SBRT dose using the BED cut point and evaluated by histology.

Results: Forty-two patients with a total of 138 lesions met inclusion criteria. Median imaging follow
up was 7.73 months (range 0.5-35.0). Patients were heavily pre-treated with systemic therapy.
Median SBRT prescription was 116.70 Gy BED (range 66.70-419.30). Desmoplastic small round
cell tumor, Ewing sarcoma, rhabdomyosarcoma, and small round blue cell sarcomas were classified
as radiosensitive (n=63), and all other histologies were classified as radioresistant (n = 75). Local
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control for all lesions was 66.7% (95% Cl, 56.6-78.5) at 1 year and 50.2% (95% Cl, 38.2-66.1)
at 2 years. Stratifying by histology, 1- and 2-year local control rates were 65.3% and 55.0%,
respectively, for radiosensitive, and 68.6% and 44.5%, respectively, for radioresistant histologies
(p=10.49). The ROGC cut point for BED was 95 Gy. Local control rates at 1- and 2-years were 75%
and 61.6%, respectively, for lesions receiving >95 Gy BED, and 46.2% and 0%, respectively, for
lesions receiving <95 Gy BED (p = 0.01). On subgroup analysis, local control by BED > 95 Gy
was significant for radiosensitive histologies (p = 0.013), and trended toward significance for

radioresistant histologies (p = 0.25).

Conclusion: There is a significant local control benefit for sarcoma SBRT when a BED > 95 Gy
is used. Further investigation into the dose-response relationship is warranted to maximize the

therapeutic index.

Keywords: Sarcoma, SBRT, dose, local control, biological effective dose

BACKGROUND

Sarcomas represent approximately 1% of all malig-
nancies and 10% of pediatric malignancies.! While sar-
coma encompasses an extremely heterogeneous group
of histologies, these tumors are generally known to have
aggressive growth patterns and a predisposition for dis-
tant metastasis. While prognosis for localized disease
is driven primarily by tumor size and histologic grade,
patients with metastatic disease have a poor prognosis
with 20-30% event free survival.? Therapy for meta-
static disease is typically multimodal involving surgi-
cal resection, systemic chemotherapy, and radiotherapy.
Historical data demonstrates that aggressive local con-
trol of sarcoma metastases can extend both overall and
progression free survival.3*

Stereotactic body radiation therapy (SBRT) uses
advanced techniques of radiation intensity modula-
tion, image guidance, patient immobilization, and
real-time target visualization to precisely deliver high
fractional doses of radiation in fewer fractions result-
ing in local tumor ablation.’ While the indications
for SBRT are rapidly expanding, contemporary use
commonly includes medically inoperable early stage
non-small cell lung cancer, localized prostate can-
cer, hepatocellular carcinoma, cholangiocarcinoma,
locally advanced pancreatic cancer, and oligometa-
static cancers.® Sarcomas are generally considered
to be radioresistant, however important exceptions
include rhabdomyosarcomas, Ewing’s sarcoma, and
myxoid liposarcoma.”® The high fractional doses with
SBRT increase the biological effective dose (BED)®
which theoretically provides opportunity to overcome
the radioresistance of sarcomas to conventional radi-
otherapy. Available data have shown SBRT to be a
promising therapeutic modality for select patients with
metastatic sarcoma.'®'? Initial retrospective series
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using a range of dose and fractionations demonstrate
local control ranging from 83 to 96% for sarcoma
metastases treated with SBRT."*"'5 Early data from a
multi-institution phase II trial using 40 Gy delivered
over 5 fractions (corresponding to 146.67 Gy BED)
demonstrated local control of 95%.'° SBRT for bony
metastases has been incorporated into prospective
clinical trials for metastatic Ewings sarcoma through
the Children’s Oncology Group (NCT02306161) and
on the Phase II trial for metastatic non-rhabdomyosar-
coma tumors (NCT01763970). These trials incorpo-
rate a SBRT dose regimen that stems from the median
dose used from the initial Mayo clinic retrospective
series.!®* Although this early data is promising, ques-
tions remain regarding the optimal metastatic SBRT
dose regimen and whether there are differences in
response based on histology.

Certain histologic subtypes are known to be more
radioresistant than others. In vitro radiation studies
have found significant differences in radiosensitiv-
ity among different histologic subtypes of soft tissue
sarcoma.'® Various genetic markers have been associ-
ated with radiosensitivity, and gene signatures have
been developed to predict radiosensitivity in sarcoma.'”
Dose prediction models have also been developed using
genomic data to predict radiosensitivity and optimize
radiation dose.'®!"” Despite these recent developments in
the pre-clinical space, there is a paucity of clinical data
describing the relationships between radiation dose,
relative histologic radiosensitivity, and local control in
metastatic sarcoma.

In this study, we sought to determine whether local
control rates would vary by sarcoma histologic sub-
type as divided by radiosensitive versus radioresist-
ant. In addition, we sought to calculate an optimal
BED cutoff associated with greater local control rates
after SBRT.
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METHODS

Cohort

Patients diagnosed with metastatic sarcoma and
treated with SBRT between 2014 and 2020 were
included as part of this IRB approved single institu-
tion registry. We included lesions encoded as clear cell
sarcoma, desmoplastic small round cell tumor, Ewing
sarcoma, osteosarcoma, paraganglioma, rhabdomyo-
sarcoma, small round blue cell tumor, and synovial
sarcoma based on the pathology report. Patients had
to also have at least one metastatic lesion treated with
SBRT. Nearly all patients had received multiple lines of
systemic therapy prior to SBRT.

Treatment

The majority of patients were treated with a regimen
of 35 Gy over 5 fractions corresponding to 116.67 Gy
BED. The full dose range was 66.70 to 419.30 Gy BED.
All regimens were delivered in five or fewer fractions,
with a range of 1 to 5. Clinical decisions regarding
SBRT dose regimen incorporated prior radiotherapy
therapy, proximity of normal tissues, and concurrent
therapies. Technical details for SBRT technique have
been described elsewhere. '

Each lesion was classified as radiosensitive or radi-
oresistant based on histology. Desmoplastic small
round cell tumor, Ewing sarcoma, rhabdomyosar-
coma, myxoid liposarcoma, and small round blue cell
tumors were classified as more radiosensitive, and all
other histologies were classified as radioresistant. We
used this classification based on multiple basic science
and clinical studies comparing the relative radioresist-
ance of sarcoma histologies.'?*"*> For each lesion and
treatment session, total dose and fractionation was
recorded and converted to biological effective dose
(BED) using an o/f} ratio of 3. Patients received rou-
tine post-treatment radiological imaging (CT, PET/
CT, or MRI) to monitor for local control. Local failure
was defined by enlarged lesions on sequential imaging
studies or interpretation of recurrence by a radiologist
and/or tumor board.

A smoothed time-dependent receiver operating
characteristic curve method was used to determine an
optimal BED cut point to stratify high dose and low
dose treatment groups based on local control.** The
dose value that maximized the Youden index, defined
as the sum of sensitivity and specificity minus 1, was
selected. The Kaplan-Meier method was used to com-
pare local control rates first by radiosensitivity and then
by dose treatment groups. A stratified Kaplan-Meier

analysis then analyzed the interaction of radiosensitiv-
ity and dose on local control. Log-rank statistics were
used to compare the groups. All data were stored in a
secure RedCap registry and analyses were performed in
R (v3.6.3).%2

RESULTS

Forty-two patients with one hundred thirty-eight
lesions were included in this study as described in
Table 1. Median age of this cohort was 21 [range: 4
to 47]. Median clinical follow up time was 24 months
[range: 6 to 35]. Median imaging follow up was 7.73
[range: 0.46 to 35.01] months, and 34 (28.8%) lesions
had confirmed local recurrence.

Characteristics of the 138 lesions are detailed in
Table 2. Sixty two lesions (44.9%) were considered
radiosensitive based on primary lesion histology. Each
lesion received a median total dose of 30 Gy [range: 15
to 60 Gy] in a median of 4 fractions [range: 1 to 5 frac-
tions]. The median BED was 116.70 Gy [range: 66.70
to 419.30]. This correlated with a 5 fraction regimen of
at least 35 Gy delivered with 7 Gy per fraction. Table 3
depicts every dose regimen used with 35 Gy delivered
in 5 fractions (n = 17), 40 Gy delivered in 5 fractions
(n = 24), and 21 Gy delivered in 3 fractions (n = 22)
being the most common regimens.

One- and two-year local control rates for all treated
lesions were 66.7% (95% CI. 56.6% to 78.5%) and
50.2% (95% CI: 38.2% to 66.1%), respectively. One-
and two-year local control rates for radioresistant
lesions were 68.6% (95% CI. 55.8% to 84.4%) and
44.5% (95% CI: 28.4% to 69.8%), respectively. For
radiosensitive lesions, the one-year and two-year local
control rates were 65.3% (95% CI: 50.8% to 84.0%)
and 55.0% (95% CI: 38.5% to 78.7%) respectively.

Table 1. Patient characteristics

Number of Patients 42
Age 21.46 [4.10, 47.70]
Male Sex (%) 24 (57.1)
Average Pretreatment KPS (%)

<70 6 (15.0)

70-80 13 (32.5)

80-90 17 (42.5)

90-100 4 (10.0)

Follow up Time (months)  23.84 [6.00, 35.01]

Data is presented as either median [min to max] or as
number in category (percentage of whole group).
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Table 2. Descriptive data for all lesions

Characteristics of lesions N=138
Radiosensitive lesions 63 (45.6)
Histologic subtypes (%)

Clear cell carcinoma 3(2.2)
(IZ:):”stmuom%I?stlc small round 22 (16.0)
Ewing sarcoma 30 (21.9)
Osteosarcoma 54 (39.4)
Paraganglioma 7(5.1)
Rhabdomyosarcoma 7(5.1)
Small round blue cell tumor 4 ( 2.9)
Synovial sarcoma 11 (8.0)
Received concurrent 79 (57.2)

systemic therapy (%)

Location of metastases (%)

Bone 104 (75.4)
Soft tissue 16 (11.6)
Brain 1(0.7)
Lung 16 (11.6)
Liver 1(0.7)

Radiation Dosimetry

Mean biological effective
dose

Planning target volume (cc)

116.70 [66.70, 419.30]

40.00 [0.18, 806.00]

Planning target volume for

radioresistant lesions 33.00[0.18, 623.00]

Planning target volume for

. . ; 77.00 [4.70, 806.00]
radiosensitive lesions

Lesions receiving a low

dose (BED < 95 Gy) 45(326)
Dose per fraction (Gy) 8.0[5.0, 34.0]
Fractions 411, 5]

Total dose (Gy) 30.0 [15.0, 60.0]

Desmoplastic small round cell tumor, Ewing sarcoma,
rhabdomyosarcoma, myxoid liposarcoma, and small

round blue cell tumors were classified as radiosensitive,
and all other histologies were classified as radioresistant.
Concurrent therapy includes any chemotherapy or
immunotherapy received at time of treatment. Recurrence
was determined by CT or PET imaging surveillance. Data
is presented as either median [min to max] or as number in
category (percentage of whole group).

Local control outcomes for treated lesions can be found
in Table 4.

The receiver operating characteristic curve showing
the optimal BED cutoff associated with durable local con-
trol is depicted in Figure 1. The dose point at which the
curve had the greatest vertical distance from the diagonal
was 98.014 Gy and thus was selected as the cut off. This
point also corresponds to the dose cut off with the best
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Table 3. List of all dose regimens in study
arranged by increasing BED

Total Dose (Gy) Fractions BED (Gy) Lesions
25 5 66.67 2
21 3 70.00 22
24 3 88.00 7
15 1 90.00
30 5 90.00 12
16 1 101.33 2
30 4 105.00 7
27 3 108.00
35 5 116.67 17
18 1 126.00 13
30 3 130.00 10

37.5 5 131.25 2
40 5 146.67 24
24 1 216.00 3
50 5 216.67 9
48 4 240.00 1
60 5 300.00 1
34 1 419.33 3

Youden index (sensitivity + specificity — 1). The ideal
cut off of 98.014 Gy corresponded to a Youden index of
0.324. We used the cleaner number of 95 Gy to partition
the cohort into high and low dose groups as it partitioned
identically to 98.014 Gy. Forty-five lesions (32.6%) were
treated with an SBRT prescription with a BED < 95 Gy.
Lesions treated with a BED > 95 Gy experienced 1- and
2-year local control rates of 75.0% (95% CI: 64.3% to
87.6%) and 61.6% (95% CI: 47.8% to 79.4%), respec-
tively. Lesions treated with a BED < 95 Gy experienced
a 1-year local control rate of 46.2% (95% CI: 28.2% to
75.6%). No lesions treated with a BED < 95 Gy were
observed to be locally controlled at 2 years.

Figure 2 depicts the Kaplan-Meier analysis of local
control comparing the two dose groups in the radiore-
sistant lesion subset. Within this cohort, the 1-year local
control rates were 52.5% (95% CI: 26.2% to 100%) for
those treated with a BED < 95 Gy and 73.7% (95% CI:
60.7% to 89.7%) for those treated with a BED > 95 Gy.
This numerical difference between the cohorts was not
statistically significantly (p = 0.25), but only a small
percentage (N = 17, 23%) received a BED < 95 Gy in
this group. However, among the subset of radiosensi-
tive lesions, the 1-year local control rates were 46.2%
(95% CI: 25.3% to 84.6%) for those treated with a BED
<95 Gy and 79.3% (95% CI: 63.1% to 99.7%) for those
treated with a BED > 95 Gy (Figure 3). This difference
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Table 4. Local control rates by radiosensitivity and dose

1 Year Local Control (95% CI) 2 Year Local Control (95% CI) p value
All Lesions 66.7% (56.6% to 78.5%) 50.2% (38.2% to 66.1%)
Radioresistant Lesions 68.6% (55.8% to 84.4%) 44.5% (28.4% to 69.8%) p=0.49
Radiosensitive Lesions 65.3% (50.8% to 84.0%) 55.0% (38.5% to 78.7%)
Lesions treated 295 Gy BED  75.0% (64.3% to 87.6%) 61.6% (47.8% to 79.4%) b = 0.0099
)

Lesions treated <95 Gy BED  46.2% (28.2% to 75.6%

NA2

Local control rates are given as rate (95% ClI).

aNo lesion treated with low radiation dose (<95 Gy BED) was controlled for 2 years.

075

Youden Index =
0.324

True Positive Rate

Optimal Dose =

025
98.014 Gy

0.00

000 025 050 075 100
False Positive Rate

Note — The ROC was calibrated for 22 months of local control.
The optimal cut point of BED = 98.014 Gy was determined

by selecting the dose at which the Youden index (sensitivity

+ specificity — 1) was at a maximum (i.e. point on curve with
furthest vertical distance from diagonal). The Youden index of
this cut point was 0.324.

Figure 1. Survival receiver operator curve to determine
optimal BED cutpoint

was statistically significant, p = 0.013. Table 5 lists the
local control rates of the groups in Figures 2 and 3.

Biological Equivalent Dose
== High (= 95 Gy)
== Low (<95 Gy)

‘Lm

g

Local Control Probability

g

P-value = 0.25

10 2 3

Time (Months)

Note — There was no significant difference in local control
rates by dose amount (p = 0.25).

Figure 2. Kaplan-Meier curve comparing local control
by dose in radioresistant lesions

Table 6 lists all acute and late toxicities experienced
by the cohort. Almost all toxicities were grade 1 or 2
with skin changes and GI symptoms being the most
common. One 1 grade 3 toxicity occurred as a late tox-
icity, which was in a patient who experienced enteritis
and required 1 month in the ICU for sepsis. This patient
had SBRT for retreatment of local progression and had

Table 5. Local control rates after portioning by radiation dose and radiation sensitivity

Radioresistant lesions

Low BED Dose (n =17) High BED Dose (n = 58) p value
1 year local control 52.5% (26.2% to 100%) 73.7% (60.7% to 89.7%) =025
2 year local control NA2 55.9% (38.2% to 82.0%)
Radiosensitive lesions
BED < 95 Gy (n = 29) BED 2 95 Gy (n = 34) p value
1 year local control 46.2% (25.3% to 84.6%) 79.3% (63.1% to 99.7%) p=0013

2 year local control NA2

69.4% (49.0% to 98.3%)

Local control rates are given as rate (95% ClI).
aNo lesion in this group reached 2 year local control.

aNo lesions treated with low radiation dose (< 95 Gy BED) were controlled at 2 years.
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Local Control Probability

p-value =0.013

Biological Equivalent Dose
== High (= 95 Gy)

== Low (<95 Gy)

10

£
Time (Months)

30

Note — Lesions treated with a high dose of radiation had
significantly longer local control rates compared to lesions

treated with a low dose (p = 0.013).

Figure 3. Kaplan-Meier Curve comparing local control

by dose in radiosensitive lesions

Table 6. List of all toxicities experienced by

cohort

Acute toxicities

Toxicity

Frequency

Grade | Fatigue
Grade | Constipation
Grade | Dermatitis
Grade | Alopecia
Grade | Fatigue
Grade | Chest pain
Grade | Nausea
Grade | Diarrhea
Grade | Pneumonitis
Grade | Other skin changes
Grade | Headache
Grade | Esophagitis
Grade | Mucositis
Grade | Dysphagia
Grade | Pain

Grade | Anorexia

Grade Il Myositis

12

w

S A A A A A N, S NN WNNN A A

Late toxicities

Toxicity

Frequency

Grade 2 Skin changes
Grade 2 Cough
Grade 2 Pain

Grade 2 Nausea
Grade 2 Pneumonitis
Grade 3 Enteritis

5

_ A N
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concurrent and adjuvant high dose chemotherapy. No
grade 4 or 5 toxicities occurred.

DISCUSSION

We report a large series investigating the efficacy
of SBRT in providing local control for metastatic sar-
coma patients, specifically exploring the interactions
between BED of the SBRT treatment and the relative
radioresistance of heterogeneous sarcoma histologies.
Although the local control at one year of 66.7% is lower
than other published series, our inclusion of a heteroge-
neously treated group allowed us to ask this important
SBRT dose question. Our institutional SBRT strategy
has changed over time from being more conservative
with SBRT dose at the beginning and now reflecting
the SBRT dose regimens used on Children’s Oncology
Group trials.Among the 138 lesion treated, we observed
a dose-response relationship with local control of meta-
static sarcoma. Intrinsic histologic radiosensitivity of a
lesion by itself was not observed to be associated with
local control. After calculating an optimal cut point to
stratify lesions into high and low dose groups, an asso-
ciation between improved local control and patients
who received a BED of SBRT >95 was observed.

Several different radiation dose and fractionation
schemes have been used to treat metastases from sar-
coma. The Mayo Clinic published an initial series of
14 Ewings or osteosarcoma patients treated with SBRT
using a range of SBRT doses, with a median dose of 40
Gy over 5 fractions (147.67 Gy BED) for targets treated
for a definitive intent, resulting in a local control rate
of 85%.% A retrospective review of 15 patients with
metastatic sarcoma treated with palliative radiotherapy
found recurrence in three patients using 39 Gy deliv-
ered in 13 fractions (78 Gy BED).?” Our earlier review
of metastatic sarcoma in pediatric and AYA patients
found local control to be 83% at one year among 88
lesions treated with a median dose of 30 Gy in 5 frac-
tions (90 Gy BED)."! Although in general sarcomas are
considered radioresistant, they include a heterogene-
ous group of histologies which may have various dose
response relationships.

Analyses defining an ideal target SBRT dose for
metastatic sarcoma lesions have not been sufficiently
explored. A retrospective review of patients with met-
astatic sarcoma treated with SBRT found a positive
correlation between local control and dose to clinical
target volume." In our retrospective study, we did not
have enough lesions to properly draw a dose response
curve for continuous analysis. We thus opted for a dis-
crete analysis by finding an optical dose cut off that is
associated with greater local control. There is a differ-
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ence in local control across our cut point for radiosensi-
tive and radioresistant lesions. Also, recent SBRT data
demonstrates improved local control and radiographic
response for bone targets as compared to soft tissue.'?
Our analysis did not evaluate lesion type, but the major-
ity of targets treated were osseous.

In theory, a sufficiently high dose of radiation can
eliminate any lesion; however, ideally the minimum
dose to achieve local control is sought in order to mini-
mize radiation toxicity. A high dose per fraction of
SBRT also carries with it a risk of late skin and soft
tissue toxicity and unknown risks on growth and devel-
opment in a younger population. Patient selection and
thoughtful consideration of concurrent therapies is also
critical. Brown et al., described three late grade 3 tox-
icities including a sacral plexopathy in a patient treated
with 60 Gy over 10 fractions for reirradiation after
prior 59.4 Gy conventional radiotherapy and a myone-
crosis in a patient who received 50 Gy over 5 fractions
with concurrent gemcitabine.!* Our earlier retrospec-
tive analysis of SBRT for 31 patients with metastatic
sarcoma revealed only one patient developed a late
grade 3 radiation related toxicity (intestinal obstruc-
tion). This patient had previously received 18 Gy in
a single fraction to a large local recurrence treated
with conventional radiotherapy 18 months prior. This
patient’s spine radiosurgery was given with concurrent
chemotherapy, followed by gemcitabine and docetaxel
which certainly may have contributed to the patient’s
grade 3 toxicity.!! Similarly, in our current cohort, one
patient experienced a grade 3 complication of enteritis.

Factors associated with increased radioresistance in
lesions include larger tumor volumes, hypoxic condi-
tions, and enhanced DNA repair mechanisms.?® Com-
plicating the picture is that radiotherapy, similar to
chemotherapy, can select for tumor cell subpopulations
that are more resistant, leading to a recurrence that is
more radioresistant than the original lesion.?” This is
often the setting when SBRT is used in a highly pre-
treated population.

Proposed strategies against radioresistance include
use of synergistic systemic agents. If radiation therapy
does not induce sufficient DNA damage to kill a tumor
cell, chemotherapy agents such as SFU and cisplatin
can cause additional damage that reach the required
threshold.*® A drug that could inhibit DNA damage
repair pathways would also have a synergistic effect
with radiation therapy lowering the required dose to
kill a tumor. Additionally, radiation itself may syner-
gize with immunotherapy by promoting the production
of neoantigens and stimulating an immune response.?!

Additional work that seeks to optimize ideal SBRT
dose to treat sarcoma should consider factors such as
synergistic therapy, intrinsic tumor biology, and target
type (ie. bone versus soft tissue). In our analysis, we

show that for metastatic sarcoma lesions, a BED of
at least 95 Gy is needed for reliable local control. We
believe the next step is designing prospective studies
that compare how SBRT dose regimens interact with
these other factors that may impact control.

Limitations

This study has several limitations. First, this study
is subject to the standard confounding that accompa-
nies retrospective analyses. Further, because metastatic
sarcoma is relatively rare and SBRT has limited indica-
tions in this clinical scenario, the relatively small sam-
ple size limited the power of our analyses. However,
to our knowledge, this is the largest cohort of patients
with metastatic sarcoma from a single institution ana-
lyzed for SBRT local control and dose response. While
there are no standardized protocols for radiation dose
prescription, certain dose regimens were more repre-
sented than others in this analysis. As such, construct-
ing a continuous dose-responsive curve to precisely
describe the relationship between dose and local con-
trol was not possible. Therefore, it remains unknown
how much each incremental adjustment of SBRT radia-
tion dose affects local control. Lastly, median surveil-
lance follow up time was limited so this study cannot
comment on whether local control rates are stable in the
patients treated with high dose SBRT beyond 2 years.
However, there is evidence that local failure, if it were
to occur, happens mostly within the first 6 months in
patients with metastatic sarcoma with one study finding
a median time to recurrence of 159 days.?>%

CONCLUSION

For patients undergoing stereotactic body radio-
therapy for metastatic sarcoma, BED of at least 95 Gy
was associated with better local control. These findings
have implications for treatment planning and prospec-
tive study design. Further study is needed to optimize
local control by exploring relationships between SBRT
dose regimens, specific tumor histology, target type,
and concurrent therapies.
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