Whole-Lung IMRT in Children and Adults With
Synovial Sarcoma and Lung Metastases:
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Objective: To evaluate the toxicity and feasibility of whole-lung irradiation (WLI) in children and adult patients with
synovial sarcoma and pulmonary metastases.

Methods and Materials: After completing standard therapy, 14 patients with synovial sarcoma and lung metas-
tases (ages 12-52, mean 30 years) were treated with WLI in (n = 10) or as per (n = 4) a prospective trial with
cardiac sparing intensity-modulated radiation therapy (IMRT) to 1500 cGy in 150 cGy per fraction. The primary
objective was to assess the overall toxicity rate at 1 year after radiation, with a secondary objective to assess the
pulmonary failure-free survival (PFFS).

Results: Median follow-up among all patients was 33 months from time of IMRT (range, 3-69 months). At the
time of IMRT, 13 of 14 patients had residual or recurrent gross disease in the lungs. At 18 months, the PFFS was
14.3%, with a median time to pulmonary failure of 6.2 months from IMRT. All acute toxicities from IMRT were
grade 1, including fatigue (n = 9), esophagitis (n = 4) cough (n = 2), dermatitis (n = 2), nausea (n = 3), and dys-
phagia (n = 1). Late toxicities from IMRT at 1 year were minimal, including low-grade dyspnea and mild cough.

Conclusion: Whole-lung IMRT for patients with synovial sarcoma and lung metastases is feasible with minimal
acute and late toxicity. However, long-term durable pulmonary control was not achieved in our cohort of patients
with residual/recurrent gross pulmonary disease. Low-dose IMRT with 1500 cGy should be further explored as
part of consolidation therapy (rather than in the setting of recurrent/residual disease) as is the standard for Ewing
sarcoma and rhabdomyosarcoma.
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Synovial sarcoma accounts for
approximately 5% to 10% of all sarco-
mas**and is frequently observed in
young adults, with a mean age of 39.*
In addition, synovial sarcoma is the
most common non-rhabdomyosar-
coma sarcoma in children.® Pulmo-
nary metastases represent the most
common site of metastases and is
the leading cause of death in patients
with synovial sarcoma.b*

In patients with other radiosen-
sitive pediatric sarcomas such as
rhabdomyosarcoma (RMS) and Ew-
ing sarcoma, whole-lung irradiation
(WLI) is the standard of care as part
of consolidation at the completion
of planned therapy for patients with
lung metastases.®® In this setting,
WLI is well tolerated® and associated
with reduced pulmonary relapses
and improved event-free survival
(EFS).1° However, for patients with
lung metastases and synovial sarco-
ma, WLI is not part of the treatment
mainstay, despite the frequency of
pulmonary metastases and potential
oncologic benefit. Additionally, like
RMS and Ewing sarcoma, synovial
sarcoma is a radiosensitive histol-
ogy.''*21n this trial, we sought to
evaluate the toxicity and clinical out-
comes after cardiac-sparing, whole-
lung intensity-modulated radiation
therapy (IMRT) in patients with syno-
vial sarcoma and lung metastases.

Patients

This was a single-institution pro-
spective clinical trial of patients with
synovial sarcoma and lung metastases
at Memorial Sloan Kettering Cancer
Center (MSKCC) treated between Sep-
tember 2014 and June 2022. Fourteen
patients were treated with WLI in (n
=10) or as per (n = 4) the prospective
trial. Patients completed standard
therapy as determined by the primary
management team (eg, surgery
+/- radiation to the primary site and
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any adjuvant chemotherapy, most
commonly Adriamycin + Ifosphamide
+ MESNA [AIM]) and were eligible for
enrollment if they had lung metas-
tases at diagnosis and/or developed
lung metastases during the course of
therapy. All patients had CT chest im-
aging prior to the start of WLI to serve
as a baseline for follow-up scans and
were recommended as per protocol to
have a baseline echocardiogram and
pulmonary function tests (PFTs) prior
to starting radiation treatment. The
study was approved by the MSKCC
Institutional Review Board/Privacy
Board (IRB 14-075).

Radiation

All patients received cardiac-spar-
ing IMRT to 1500 cGy in 10 fractions
of 150 cGy per fraction, 1 fraction per
day, in accordance with the protocol
after metastatectomy and after or
concurrent with chemotherapy. No
patient received radiation therapy
to the lungs prior to treatment. In
general, patients were simulated in a
supine position with an alpha cradle
and without abdominal compression.
The clinical target volume (CTV) was
the bilateral lung volume, including
all pleural recesses and bilateral hila.
The internal target volume (ITV)
included an expansion on the CTV
to encompass the bilateral lungs on
all phases of the respiratory cycle (as
defined by the 4DCT). The planning
target volume (PTV) was a 1-cm ex-
pansion in all directions on the ITV,
to account for spatial uncertainties
in patient positioning and treatment
delivery. Further descriptions on the
cardiac-sparing WLI and details on
constraints can be found in previous-
ly published work." Three patients
had an additional stereotactic body
radiation therapy (SBRT) boost (25-30
Gy in 5 fractions) after WLI for treat-
ment of gross disease.

Protocol Follow-up

Following completion of therapy,
patients were to undergo CT chest

imaging and toxicity assessments at
3, 6,12, 18, and 24 months; an echo-
cardiogram at 6, 12, and 24 months;
and PFTs at 6 and 24 months.

Statistical Analysis

The primary objective of the
study was to assess the safety of
whole-lung IMRT following standard
treatment in patients with synovial
sarcoma and lung metastases. Sec-
ondary objectives were to determine
rates of pulmonary failure-free
survival (PFFS) and overall survival
(0S) after completion of whole-lung
IMRT. The safety endpoint included
both acute (< 3 months from com-
pletion of WLI) and late toxicities (1
year from completion of WLI). The
Common Terminology Criteria for
Adverse Events, version 4.0, was used
to grade acute and late toxicities.
The PFFS was defined as survival
with no progressive disease in the
lungs from the initiation of IMRT,
and OS was calculated as the time
from initiation of IMRT to death, no
matter the cause. Living patients at
the time of analysis were censored
at the time of the last follow-up visit.
The Kaplan-Meier method was used
to assess the PFFS and OS.

Patient, Tumor, and Dosimetric
Characteristics

The median patient age at WLI was
38 years (range, 13-55 years), with 10
male patients and 4 female patients
(Table 1). Six patients presented
with lung metastases at diagnosis,
while the other 8 patients developed
lung metastases at a median time of
25 months from diagnosis (range,
9-39 months), after initial treatment
failed (Table 2). All patients were
treated with chemotherapy prior
to or concurrent with lung RT. Ten
patients underwent metastatectomies
prior to the initiation of RT. Median
follow-up among all patients was 33
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Table 1. Baseline Patient and Tumor Characteristics Table 2. Characteristics of Metastatic Pulmonary Disease
at IMRT Start
VARIABLE NUMBER
. TIME TO LUNG NUMBER (%)
Total number of patients 14 METASTASES. MONTHS
Sex At diagnosis 6 43
Male 10 7 <12mo 2 14
Female 4 29 12-24 mo 3 2,
Age at diagnosis, years > 24 mo 3 21
Previous metastectomy in lungs
<18 3 21
Yes 10 71
18-35 7 50
No 4 29
> 35 4 29
Gross disease at IMRT start
Race
Yes 13 93
Non-White 3 21
No 1 7
White 11 79
Number of lung metastases at IMRT start
Mono/biphasic
0 1 7
Monophasic 8 57
<5 6 43
Biphasic 3 24
5-10 2 14
Unknown 3 21
> 10 5 36
SYT-SSX1 translocation
Size of largest lung metastases at IMRT start
Translocation positive 11 79
<0.5 2 15
Translocation negative 0 0
0.5-1.0 7 54
Unknown 3 21
1.0-2.0 2 15
Primary site
>2.0 1 8
Extremity 12 86
Unknown 1 8
Abdomen wall 1 7
Abbreviations: IMRT, intensity-modulated radiation therapy; mo, month
Neck 1 7
Primary tumor size, cm
<5 12 86
>5 2 14
Metastatic at diagnosis
To the lung 6 43
To site other than lung 0 0
No 8 57

months from time of IMRT (range,
3-69 months). At the time of WLI, 13 of
14 patients had residual or recurrent
gross disease in the lungs, as deter-
mined by imaging prior to the start of
RT. The median number of lung me-
tastases at the start of RT was 4 (range,
1-10 metastases), with the average size
of the largest metastasis being 1.0 cm
(range, 0.3-3.2 cm). The average mean
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cardiac dose of all patients was 1058
cGy (range, 870-1286 cGy).

Clinical Outcomes

Twelve of 13 patients with pul-
monary gross disease at the time of
IMRT progressed at an initial pulmo-
nary disease site after completion of
IMRT. One patient never progressed
in the lung after completion of

chemotherapy and WLI, and has
remained disease free for 30 months.
The 1 patient with no gross disease at
time of IMRT relapsed after 8 months
at a new site of disease in the lungs.
At 18 months, the PFFS was 14.3%
(Figure 1). Two of 3 patients treated
with SBRT for their pulmonary re-
lapse experienced subsequent local
pulmonary control. The OS at 18 and
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Figure 1. Kaplan-Meier
survival curve for
pulmonary failure-free

survival (PFFS) of the L
patient cohort. ]
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Figure 2. Kaplan-Meier
survival curve for the
overall survival of the
patient cohort. 10
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36 months from IMRT was 100% and
57.1%, respectively (Figure 2). All
patients had pulmonary disease at
the time of death.

Toxicities

All acute toxicities from IMRT
were grade 1, including fatigue (n =
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9), esophagitis (n = 4) cough (n =2),
dermatitis (n = 2), nausea (n = 3), and
dysphagia (n = 1). Late toxicities from
IMRT at 1 year were minimal, in-
cluding low-grade dyspnea and mild
cough, although the etiology of these
findings is likely multifactorial due

to tumor burden, surgery, chemo-

therapy, and radiation therapy. No
patients experienced an impairment
in their daily functioning as a result
of treatment. No significant decline
in cardiac function as measured by
echo (ejection fraction [EF] mean
decline by 1.6%, P =0.74), or pulmo-
nary function as measured by PFTs
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(forced expiratory volume [FEV]
mean decline 0.6%, P=0.91; forced
vital capacity [FVC] mean decline
1.0%, P =0.99; diffusing capacity

of the lungs for carbon monoxide
[DLCO] mean decline 7.0%, P=0.52)
was seen at 1-year follow-up.

Overall, whole-lung, cardiac-spar-
ing IMRT is feasible for patients with
synovial sarcoma metastatic to the
lung and with minimal acute and late
toxicities. However, in our patient
cohort in which 93% of patients had
residual gross disease in the lungs
at the time of radiation, long-term
pulmonary control was not achieved.

A dosimetry study comparing WLI
using an anteroposterior-posteroante-
rior technique vs cardiac-sparing
IMRT (CS-IMRT) showed the volume
of the left ventricle, right ventricle,
myocardium, and coronary arteries
received a significantly lower
radiation dose in the CS-IMRT plans
as compared to the anteroposterior-
posteroanterior plans.* There has
since been a multi-institutional
protocol investigating the feasibility
of cardiac-sparing whole-lung IMRT
in children and young adults with a
diagnosis of Wilms tumor, Ewing
sarcoma or RMS, and lung metastases
showing minimal long-term cardiac
morbidity. In our study utilizing WLI
IMRT for patients with synovial
sarcoma, we were able to achieve a
mean heart dose of 1058 cGy, and no
difference in cardiac functioning as
measured by echo was observed.

Regarding pulmonary toxicity
following WLI delivered with IMRT,
on a prospective trial including 20
patients with Wilms, RMS, and Ewing
sarcoma, only 1 patient developed
pulmonary restrictive disease.’® In
studies that examine patients treated
with low-dose WLI using convention-
al techniques, there are often mild
reductions in pulmonary function
abnormalities with low rates of
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clinically symptomatic moderate

or severe pulmonary symptoms on
follow-up.”*'* These results indicate
that while pulmonary function test
abnormalities are often seen after
WLI, the incidence of clinically
significant pulmonary toxicity is
low, particularly at low doses of 15
Gy, the dose used in this study. In
our study, there were no significant
declines in cardiac or in pulmonary
function as measured by PFTs, and
no patients experienced toxicities
impeding their daily activities at 1
year. Overall, WLI is widely tolerated
among patients with synovial sarco-
ma as it is for patients with Ewing
sarcoma and RMS.

Long-term durable pulmonary
control was not achieved in our
cohort of patients with residual/
recurrent gross disease in the lungs
at the time of radiation. The target
population of this study was patients
who initially presented with synovial
sarcoma metastatic to the lungs, and
who completed standard therapy
without gross residual disease in
the lungs at the time of radiation
therapy. However, 8 of 14 patients
had relapsed pulmonary disease
during or after initial treatment,
and 13 of 14 patients presented with
gross residual disease in the lungs at
the start of radiation therapy. Thus,
our study included an unfavorable
cohort of patients with progressive,
bulky disease in the lungs at the
time of WLI, unlike those typically
treated with WLI as part of consoli-
dation for RMS and Ewing sarcoma.
Furthermore, the majority of these
patients did not receive a boost or
additional treatment to their gross
pulmonary disease.

WLI is considered standard at
the end of therapy for patients with
Ewing sarcoma and RMS with lung
metastases. For both tumors, studies
have shown an improvement in pro-
gression-free survival after consoli-
dative WLI.*° Data indicate that local
control of pulmonary metastases is

associated with improved survival

as well.”? Similar to RMS and Ewing
sarcoma, synovial sarcoma is a radio-
sensitive histology*! that may benefit
from such an approach. In addition,
given the consistent pattern of pulmo-
nary failure at a pre-existing site of
gross disease, consideration of high-
dose radiation such as SBRT after
WLI to gross residual disease should
be considered for optimal control of
pulmonary metastases from synovial
sarcoma, as is now done for patients
with Ewing sarcoma and RMS." In
our series, 2 of 3 patients treated with
subsequent SBRT for pulmonary re-
lapse obtained local pulmonary con-
trol. A series from the University of
Rochester using SBRT for pulmonary
metastases from soft-tissue sarcomas
showed an 82% rate of local control
at 3 years and an improvement in OS
from 0.6 years to 2.1 years with the
use of SBRT."®

In conclusion, our study shows
that 15 Gy WLI with cardiac-sparing
IMRT is feasible and well tolerated
in patients with synovial sarcoma.
However, this approach was not suf-
ficient for treatment of patients with
relapsed, gross residual disease in
the lungs (13 of 14 patients included).
Overall, we recommend that 15 Gy
WLI with IMRT should be explored
further (with consideration of an
SBRT boost for gross disease) for
patients with synovial sarcoma and
lung metastases at the completion
of initial therapy as part of consol-
idation therapy, rather than in the
setting of recurrent/residual disease.
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