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ABSTRACT

Introduction Radiotherapy improves local tumour control
in patients with soft tissue sarcoma of the extremities
(STSE) but it also increases the probability of long-term
toxicities such as tissue fibrosis, joint stiffness and
lymphoedema. The use of radiation dose and volume
thresholds, called dose constraints, may potentially reduce
the development of toxicities in STSE. The aim of this study
is to determine predictors of radiotherapy-related side
effects for STSE.

Methods and analysis Predicting radiotherapy response,
Toxicities and quality-of-life related functional outcomes
in soft tissue sarcoma of the extremities (PredicT) is a
multicentre observational study comprising two cohorts
(PredicT A and B). PredicT A, a retrospective analysis of
the UK VorteX (NCT00423618) and IMRIS clinical trials
(NCT02520128), is aimed at deriving a statistical model
for development of dose—volume constraints. This model
will use receiving operator characteristics and multivariate
analysis to predict radiotherapy side effects and patient-
reported outcomes. PredicT B, a prospective cohort study
of 150 patients with STSE, is aimed at testing the validity
of those dose—volume constraints. PredicT B is open and
planned to complete recruitment by September 2024.
Ethics and dissemination PredicT B has received ethical
approval from North West - Liverpool Central Research
Ethics Committee (20/NW/0267). Participants gave
informed consent to participate in the study before taking
part. We will disseminate our findings via publications,
presentations, national and international conference
meetings and engage with local charities.

Trial registration number NCT05978024.

INTRODUCTION AND RATIONALE

Soft tissue sarcoma of the extremities (STSE)
accounted for 1% of all malignancies arising
in adults, with 3272 cases in the UK in 2010.7
Localised disease is potentially curable, with

STRENGTHS AND LIMITATIONS OF THIS STUDY

= This is a national study of the prediction of radio-
therapy outcomes for patients with soft tissue sar-
coma of the extremities (STSE).

= A model for radiotherapy outcome prediction will be
created using high-quality data generated from two
prospective studies: UK VorteX and IMRIS clinical
trials.

= The model validity will be tested in a prospective
study, called Predicting radiotherapy response,
Toxicities and quality-of-life related functional out-
comes in soft tissue sarcoma of the extremities —
cohort B (PredicT B).

= PredicT is the first study to identify specific normal
tissues at risk of developing toxicities which can
predict STSE radiotherapy outcomes.

5-year survival rates of 60% in high-grade
disease.*

Radiotherapy, when delivered as an adjunc-
tive treatment improves the local tumour
control rates. However, it also increases the
probability of patients experiencing acute
and late toxicities. The development of
toxicities may be dependent on anatom-
ical location, tumour size, treated volume,
radiation dose and fractionation, as well as
the intrinsic radiosensitivity of the normal
tissues surrounding the tumour.” The sched-
uling of radiotherapy also plays an important
role. Neoadjuvant radiotherapy is associated
with higher chances of postoperative wound
complications, whereas adjuvant radiotherapy
results in worsening limb function due to the
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high probability of late toxicities caused by delivering a
higher total dose to a larger volume.®

High-grade radiation-induced fibrosis of normal tissues
surrounding the tumour is an important irreversible late
side effect, manifesting as soft tissue contracture, pain
in the treated area and associated gait (lower limb) or
dexterity (upper limb) problems. This can significantly
impact normal activities of daily living and health-related
quality-of-life. It can occur in months or years after treat-
ment and may worsen over time. The SR.2 phase III
trial, conducted by from the National Cancer Institute
of Canada Clinical Trials Group, compared preoperative
radiotherapy in STSE with postoperative radiotherapy
in STSE and reported the incidence on late toxicities.
Tissue fibrosis occurred in 48.2% and 31.5%, joint stiff-
ness was observed in 23.2% and 17.8% and lymphoe-
dema was reported in 23.2% and 15.5% of the patients
receiving postoperative and preoperative radiotherapy,
respectively.’

Radiotherapy techniques have evolved to improve the
therapeutic index. However, there is a dearth of dose—
volume constraint guidelines relating to normal tissue
structures within the extremities and linking them to the
incidence and severity of acute and late toxicities.” For
example, modern radiotherapy planning for STSE is still
performed by sparing the normal tissue corridor, which is
defined by a longitudinal strip of skin and subcutaneous
tissue away from the planning target volume (PTV); this
corridor will vary in its location within the extremity and
unrelated to any specific anatomical structure. Histori-
cally, to avoid lymphoedema or normal tissue fibrosis, it
has been recommended that no more than 50% of the
normal tissue corridor volume receives 20 Gy.® The defi-
nition of this avoidance structure is inconsistent and does
not correspond to a specific, anatomical structure.

Dose-volume constraints to reduce the dose to the
whole femur have been proposed by Dickie et al and have
been used for radiotherapy plan optimisation for over a

PredicT A: Retrospective analysis of VorteX and IMRIiS trials data

384 patients’ data
from 2 UK trials

decade.” As a result, an incidence of bone fractures lower
than 5% has been reported in recent studies.'’ !

Addressing uncertainties and developing dose—volume
constraints to specific normal tissue structures, such
as neurovascular bundle (NVB), subcutaneous tissue
and muscle compartments (MC), is likely to reduce the
severity of toxicities and improve functional outcomes of
patients with STSE.

Predicting radiotherapy response, Toxicities and
quality-of-life related functional outcomes in soft tissue
sarcoma of the extremities (PredicT) is an observational
non-interventional study reporting and recording the
toxicities and outcomes of patients receiving preoper-
ative, postoperative or palliative radiotherapy for STSE.
Clinical and radiotherapy plan data will be collated to
determine the relationship between radiation dose deliv-
ered to specific normal tissue structures and the inci-
dence and severity of toxicities.

DESIGN
The PredicT Study is composed of two patient cohorts:
PredicT A and PredicT B (figure 1).

PredicT A is a retrospective analysis of 384 patients
recruited in the VorteX and IMRIiS UK trials. It aims to
develop a radiation dose-volume constraint model to
predict predefined late toxicities. PredicT B is a multi-
centre, prospective observational cohort reporting the
severity and frequency of toxicities in 150 patients with
STSE. This cohort will test the radiation dose-volume
constraints defined in PredicT A.

Overall study objective

The objective of this study was to develop predefined dose—
volume constraints for radiotherapy planning purposes
to help deliver radiation to the tumour site and minimise
dose to other normal tissue anatomical sites, consequently
predicting severity and frequency of toxicities.

PredicT B: Prospective
analysis

Test new safe dose
levels

Propose safe dose

o MRS

levels for limbs I

PredicT B
prospective cohort

Outlining & analysis

Xy 5

Predictive tool

‘ [ Validation

Figure 1
the extremities (PredicT) Study flow chart.
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METHODOLOGY AND ANALYSIS

The manuscript adheres to the Consolidated Standards
of Reporting Trials’ Patient-Reported Outcomes exten-
sion guidelines.'

PredicT A

PredicT A represents the largest radiotherapy STSE
cohort of patients accrued as part of two UK clinical trials,
VorteX and IMRIS.

The VorteX (NCT00423618) phase III randomised
trial investigated whether a reduced volume of postop-
erative radiotherapy improved limb function without
compromising local control for STSE."” 216 patients
were recruited between 2008 and 2013. The coprimary
endpoints were limb function (measured with the patient-
reported Toronto Extremity Salvage Score (TESS)) and
time to local recurrence. Secondary endpoints included
evaluation of soft tissue and bone toxicity (Radiation
Therapy Oncology Group and the European Organi-
zation for Research and Treatment of Cancer (RTOG/
EORTC) scoring system), overall level of limb function as
well as disease-free survival and overall survival. Patients
were randomised to either the control arm to receive a
two-phase radiotherapy technique of 50 Gy in 25 frac-
tions followed by a boost of 16 Gy in eight fractions or
the research arm, which consisted of 66 Gy in 33 fractions
to the reduced boost volume. Three-dimensional (3D)
conformal radiotherapy or intensity-modulated radio-
therapy (IMRT) were permitted.

The IMRiS (NCT02520128) phase II trial studied the
feasibility of delivering IMRT in three sarcoma cohorts.
Specifically, the STSE cohort recruited 168 patients, of
which 112 patients received preoperative radiotherapy
and b6 patients received postoperative radiotherapy.
Recruitment was completed in July 2017. The primary
endpoint was the rate of high-grade fibrosis at 2 years.
Secondary endpoints were the incidence of other high-
grade toxicities, patientreported limb function and
quality-of-life, time to local recurrence and disease-free
and overall survival. IMRT was delivered either preopera-
tively as 50 Gy in 25 fractions or postoperatively as 60 Gy
in 30 fractions or 66 Gy in 33 fractions (for patients with
positive resection margins)."*

For both clinical trials, the acute and late clinician-
reported toxicities were reported according to the
RTOG/EORTC scoring system'”; Stern’s scale for lymph-
oedema reporting®; and Common Terminology Criteria
for Adverse Events (CTCAE).'

Standardised scoring scales that were used for patient-
reported outcomes are TESS'”; EORTC Quality-of-Life
Questionnaire C-30'%; and Musculoskeletal Tumor Society
(MSTS)."”

PredicT A objectives

Primary objective

The primary objective was to identify specific dose—
volume constraints for anatomical regions of interest,
within the normal tissue of the limb but lying outside the

clinical target volume, that can predict for the frequency
and intensity of radiotherapy-related side effects in STSE.

Secondary objectives

Secondary objective were:

» To identify anatomical regions of interest within the
normal tissues in limbs in which delivery of high-dose
radiotherapy may result in specific toxicities, such as
fibrosis and lymphoedema.

» To define dose—volume constraints for lymphoedema,
fibrosis, bone fracture and joint stiffness.

Patient population
PredicT A is a retrospective analysis of all 384 patients
recruited as part of the VorteX and IMRIS clinical trials.

PredicT B
PredicT B (NCT05978024) (figure 2) is a multicentre,
prospective cohort study. Radiotherapy is delivered per
local clinical protocols. Figure 2 summarises the recom-
mended techniques, as well as Radiotherapy (RT) dose
schedules. Patients will be followed up during RT and
at 3, 6, 12 and up to 24 months post RT. The protocol
and consent form are provided in online supplementary
material.

Clinicians should aim for RT to start within 4 weeks of
registration and no longer than 12 weeks after surgery.
3D conformal radiotherapy or IMRT techniques are
permitted. The radiation dose is delivered:

» Preoperatively as 50 Gy in 25 daily fractions, delivered
in 5 fractions per week over 5 weeks.

» Postoperatively as 60/66 Gy (RO/R1) in 30/33 daily
fractions to the high-dose PTV and 52.2/43.46 Gy in
30 daily fractions to the low-dose PTV treated concur-
rently, or in a two-phase technique of 50 Gy in 25 daily
fractions then 10-16 Gy in 5-8 fractions delivered 5
times per week over 6 or 6% weeks.

» Palliatively as 30-36 Gy in 10-12 daily fractions; 40
Gy in 15 daily fractions; 36 Gy in 6 fractions delivered
once a week; and 25 Gy in 5 daily fractions (o/B=3
Gy).

Clinician-reported toxicity scales used in PredicT B
are RTOG/EORTC scoring system15; Stern’s scale for
lymphoedema reportinglg; and CTCAE.'®

Standardised scoring scales that were used for patient-
reported outcomes for functional outcomes and quality-
oflife are TESS'”; EORTC Quality-of-Life Questionnaire
C-30"%; EORTC Quality-of-Life Fatigue Module FA-12'%;
and MSTS."”

PredicT B objectives

Primary objective

The primary objective is to report the frequency and
intensity of radiotherapy-related toxicities in STSE.

Secondary objective

The secondary objective is to test the validity of specific
dose—volume constraints for normal tissue structures
within the normal tissue of the limb, predicting the
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PredicT B: Predicting radiotherapy response, Toxicities and quality-of --

life- related functional outcome in soft tissue sarcoma of the
extremities — cohort B

Study: Observational, prospectively recruited

Recruitment target: 150

Fatients with STSE

Pre-operative RT Post-operative Palliative RT

I RT I
50 Gy in 25 f; 320-36 Gyinl10-12f;

60 Gyin20for

25aGyin5f 40-45 Gy in 15 f; 26
. . 66 Gy in 23 f{+ve Gy in 6 weekly f or
Or equivalent L .

margins) 25Gyin 5f

Radiotherapy delivered per local protocols with 2DCRT or IMRT

Figure 2 PredicT B summary. IMRT, intensity-modulated radiotherapy; STSE, soft tissue sarcoma of the extremities, 3DCRT,

Three dimensional Radiotherapy.

frequency and intensity of radiotherapy-related toxici- » Patients fit enough to undergo radiotherapy and
ties for lymphoedema, fibrosis, bone fracture and joint willing to attend follow-up visits, during 2 years.
stiffness. » Female patients of childbearing potential and male

o patients with partners of childbearing potential
Exploratory objectives L must agree to use adequate contraception methods,
The exploratory objectives are: ) which must be continued for 3 months after the
» To explore the effect of RT technique, schedule, treatment.

tumour size and anatomical location in the develop- . . .
» Capable of giving written informed consent.

ment of acute and late toxicities.
» To determine quality-of-life related functional
outcomes and explore correlations with dose—volume

Exclusion criteria

) ) i » Previous radiotherapy to the same site.
parameters. for patle'nt's who ' received preoperative, > Pregnancy.
postoperative or palliative radiotherapy for STSE. > Patients with concurrent or previous malignancy

Patient population
PredicT B inclusion, exclusion and subject withdrawn
criteria are listed in the following sections.

that could compromise assessment of primary and
secondary endpoints of the trial.

Subject withdrawal criteria

Inclusion criteria » Patients expressing a wish to withdraw from the
» Histopathological diagnosis of soft tissue sarcoma of study will be asked if data up to that point can be
the upper or lower limb or limb girdle. used and they will be withdrawn in line with proce-
» Patients receiving preoperative (neoadjuvant), post- dures for reporting study withdrawal. Withdrawal data
operative (adjuvant) or palliative radiotherapy. instigated by the investigator or the patient will be
» Patients receiving radiotherapy planned as per collected and reasons for withdrawal will be recorded
local protocols (neoadjuvant chemotherapy will be during this study.
allowed). » The investigators will try to replace patients who are

» WHO performance status 0-2.
» Aged>16 years.

withdrawn while study recruitment is open, to allow
for a 2-year follow-up. After recruitment is completed,
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patients who are withdrawn will not be replaced by
other individuals.
As this is an observational study, patients will not expe-
rience a change in their regular standard of medical care
if there is a study withdrawal.

Radiotherapy quality assurance (RTQA)

PredicT A

A comprehensive RTQA programme for VorteX and IMRiS
trials was designed and implemented by the National
Radiotherapy Trials Quality Assurance (RTTQA) Group,
including pre-accrual and per-accrual components. For
pre-accrual, QA centres completed the following exer-
cises prior to site activation: (1) process documents, (2)
benchmark outlining cases, (3) benchmark planning
cases and (4) dosimetry audit (subject to prior RTTQA
accreditation). On-trial QA included prospective case
review of contouring and planning for the first preopera-
tive and postoperative case from each centre, followed by
retrospective review of all cases.

PredicT B

PredicT B is a non-interventional, prospective cohort
study where patients receive standard-of-care radio-
therapy. Therefore, an RTQA programme is not required
but internal institutional peer review is performed. Radio-
therapy CT scan, structures, dose plan, replan, cone-beam
CT scan and diagnostic imaging (where applicable) are
anonymised and centrally uploaded in RTTQA systems
for review and analyses.

Statistical analyses

Hypothesis

We hypothesise that in PredicT B patients’ radiation
treatment plans that indicate the dose to organs-atrisk
in the extremities will fail the dose constraints derived in
PredicT A will have higher incidences of toxicities than
patients whose treatment plans meet the constraints.

PredicT A: Development of dose—volume constraints predictive
model

Patients’ characteristics, tumour locations, histolog-
ical subtype, toxicities and Patient Reported Outocome
Measures (PROMs) will be collated with radiotherapy
plan datasets.

Normal tissue structures will be defined anatomically
for lower limb STSE using anatomy references for* >
MC; NVB; subcutaneous tissue; bones; and joints.

All cases will have the aforementioned normal tissues
outlined retrospectively. An outlining training programme
is ongoing and this is backed up by outlining peer-review
and an ongoing interobserver variability study.

The radiotherapy dose-volume parameters for each
predefined normal tissue structure will be exported from
the treatment planning system. The database will be
merged with a toxicity database including the following
per patient entries: patient identification, dose—volume
histogram (DVH) parameters for each normal tissue, treat-
ment technique, side effect measures (clinician-reported

RTOG and PROMs), patient characteristics and comor-
bidities (eg, diabetes, hypertension, smoking habits).

An atlas of complication incidence (ACI) described by
Jackson et af® will be used in order to visualise the inci-
dence of grade 2 and above (grade 2+) toxicities. A specific
ACI will be created for each normal tissue, summarising
the DVH for all patients and the incidence of grade 2+
toxicities. Each ACI will show a grid of boxes with incre-
ments of volume (in cc or percentage of volume) on
the y-axis and dose (in Gy) on the x-axis. The DVH for
each patient will be overlaid and the number of patients
whose DVHs pass through each box will be calculated.
The incidence of toxicity related to the patients whose
DVH passes through each box will also be calculated.
This analysis will identify dose—volume regions associated
with toxicities.**® Subgroup analyses will be performed
to identify if different associations are detected between
patients undergoing postoperative versus preoperative
radiotherapy and patients undergoing IMRT or 3 dimen-
sional radiotherapy (3DCRT).

Receiving operator characteristics (ROC) analysis will
be used to find optimal dose-volume thresholds (also
known as constraints) that best discriminate between
patients with and without toxicity (eg, lymphoedema,
fibrosis) in the PredicT A dataset. The volumes receiving
each specified dose will be ranked (smallest to largest)
for all patients and each possible threshold will be consid-
ered, generating the areas under the curve (AUC). Only
AUC with lower CIs>0.5 (p<0.05 compared with chance)
will be used to find optimal thresholds using the Youden
index. In parallel, multivariate analysis (MVA) will be
performed.”’” The associations between dose-volume
variables, comorbidities and radiation-induced grade 2+
toxicities will be tested.

PredicT B: Prediction validity of frequency and intensity of
radiotherapy toxicities in STSE

The validity of the dose—volume constraints identified in
the PredicT A cohort will be tested in PredicT B. Specif-
ically, patients will be divided into those meeting or not
meeting constraints and comparisons of toxicity levels
between both groups will be carried out.*® In parallel, a
similar MVA will be performed in this cohort to assess if
dose—volume and toxicity relationships are similar in the
validation cohort when compared with PredicT A anal-
yses. The recruitment of the 150 patients is planned for
18 months across three centres. Patients will be followed
up during RT and at 3, 6, 12 and up to 24 months post RT.

PredicT B sample size and power calculation

The primary endpoint is descriptive of toxicity rates as
observed in patients recruited in the study. Published
studies®” reported toxicity rates of around 40%, the rate in
our patient sample n=126 is expected to be within two-sided
95% CI+8.6%. The study has also, therefore, been powered
for the main secondary endpoint (endpoint 2). It has been
assumed that the incidence of RTOG grade 2+ subcutaneous
tissue fibrosis would be greater for patients whose radiation
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treatment plan did not meet the radiotherapy dose-volume
constraints compared with those for whom it did. We, there-
fore, aim to find differences in toxicity levels between two
groups of patients: (1) patients not exceeding the previ-
ously defined dose—volume constraint and (2) patients
exceeding the previously defined dose—volume constraints.
Dose-volume constraints of interest will be defined in the
PredicT A cohort. To detect a difference in toxicity rate of
30% between patients treated with a dose below and above
a specific constraint (assuming 70% probability of grade 2+
toxicity in patients above constraint and 40% for patients
below), using the 126 patients sample size with assumed ratio
of 2:1 between patients below (84 patients) and above (42
patients) the constraint. This secondary endpoint will have
90% power to detect difference in the toxicity rate between
the two groups at two-sided 5% significance level. The
difference in toxicity rate between groups (30%) has been
assumed by using a preliminary review of available VorteX
trial toxicity outcome reports. Assuming 19% dropout rate
during the 2-year follow-up, recruitment will continue until
150 (additional 24) patients are recruited.

Interim analysis

A preliminary analysis including the calculation of ACIs,
ROC and MVA for PredicT A is planned when data from
30% (115 patients) of the sample has been retrospectively
outlined.

Patient and public involvement
Two patients who had a previous diagnosis of STSE and
who received radiotherapy are members of the steering
committee. They were involved in the design, study anal-
yses and dissemination plan.

Planned timeline

PredicT A analysis started in June 2021 and was planned
to be finalised by May 2024. PredicT B recruited its first
patient on 16 April 2021. As of 19 September 2023,
the study was open in three centres and is expected to
complete recruitment by September 2024.
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