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Abstract

Purpose: We conducted a phase I trial of the addition of sorafenib to a chemoradiotherapy regimen
in patients with high-risk (intermediate/high grade, >5 cm) extremity soft tissue sarcoma undergoing
limb salvage surgery. We conducted a correlative study of quantitative dynamic contrast-enhanced MRI
(DCE-MRI) to assess response to treatment.

Experimental Design: Patients were treated at increasing dose levels of sorafenib (200 mg daily, 400 mg
daily, 400 mg twice daily) initiated 14 days before three preoperative and three postoperative cycles of
epirubicin/ifosfamide. Radiation (28 Gy) was administered during cycle 2 with epirubicin omitted. The
primary objective was to determine the maximum tolerated dose (MTD) of sorafenib. DCE-MRI was
conducted at baseline, after 2 weeks of sorafenib, and before surgery. The imaging data were subjected to
quantitative pharmacokinetic analyses.

Results: Eighteen subjects were enrolled, of which 16 were evaluable. The MTD of sorafenib was 400 mg
daily. Common grade 3-4 adverse events included neutropenia (94%), hypophosphatemia (75%), anemia
(69%), thrombocytopenia (50%), and neutropenic fever/infection (50%). Of note, 38% developed wound
complications requiring surgical intervention. The rate of >95% histopathologic tumor necrosis was
44%. Changes in DCE-MRI biomarker AK"" after 2 weeks of sorafenib correlated with histologic response
(R = 0.67, P = 0.012) at surgery.

Conclusion: The addition of sorafenib to preoperative chemoradiotherapy is feasible and warrants
further investigation in a larger trial. DCE-MRI detected changes in tumor perfusion after 2 weeks of
sorafenib and may be a minimally invasive tool for rapid assessment of drug effect in soft tissue sarcoma.
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Introduction

The optimal management of patients with high-risk
(intermediate/high grade, >5 cm) extremity soft tissue sar-
comas remains undefined. Although local control rates of
80% to 90% can be achieved with limb salvage surgery and
radiation therapy, up to 50% of these patients will die from
metastatic disease (1-5). The use of chemotherapy to
address micrometastatic disease remains controversial, and
the optimal regimen and timing of chemotherapy in rela-
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tion to surgery and radiation is unknown. One strategy that
has been investigated is combination preoperative chemo-
therapy and radiation. This approach has the theoretical
advantages of early treatment of micrometastatic disease
and radiation sensitization to decrease the chance of local
recurrence. We have previously reported our results with a
regimen of pre- and postoperative epirubicin and ifosfa-
mide with preoperative hypofractionated radiotherapy (6).
This hypofractionated radiotherapy plan (28 Gy over 8
fractions) was originally developed by the UCLA group to
maximize efficacy while minimizing complications (7).
Overexpression of platelet-derived growth factor receptor
(PDGEFR), VEGF, and VEGF-R occurs in soft tissue sarcomas
(8-10). VEGE-R tyrosine kinase inhibitors have shown
activity against a variety of soft tissue sarcomas, with pazo-
panib receiving an U.S. Food and Drug Administration
indication for soft tissue sarcoma treatment in 2012 (11).
Sorafenib, an oral inhibitor of multiple tyrosine kinases
including VEGF, PDGF, raf, flt-3, and c-kit, has likewise
been studied in patients with refractory soft tissue sarcomas
including 2 phase II studies that suggested clinical benefit
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Translational Relevance

Overexpression of platelet-derived growth factor
receptor (PDGFR), VEGF, and VEGEF-R is seen in soft
tissue sarcomas, and VEGF-targeted therapies have
shown some activity in the treatment of advanced dis-
ease. We hypothesized that the addition of sorafenib to a
chemoradiotherapy regimen in conjunction with sur-
gery is tolerable and could improve disease control.
This phase I trial established a maximum tolerated dose
of 400 mg of sorafenib daily in combination with
this chemoradiotherapy regimen. Dynamic contrast-
enhanced MRI (DCE-MRI) detects changes in blood
flow and blood vessel wall permeability, making it an
attractive imaging modality for assessing response to
antiangiogenic agents. We observed that a DCE-MRI
biomarker, AK"™", measured after only 2 weeks of
treatment with sorafenib alone correlated with histolog-
ic necrosis at surgery. These results have provided a
rationale for investigating this novel imaging biomarker
in future studies with antiangiogenic agents for early
prediction of response.

particularly in patients with vascular sarcoma subtypes (12,
13). The addition of antiangiogenic drugs such as sorafenib
to chemoradiotherapy has been found to be safe and has
promising results in early clinical studies in various solid
tumors (14-17). Blockade of VEGF signaling may help
normalize tumor vasculature and enable better drug deliv-
ery to the tumor and oxygenation to enhance the effective-
ness of radiation (15). We hypothesized that the addition
of sorafenib to chemoradiotherapy would be safe and
could improve outcomes by potentiating the effects on the
local tumor and enhancing the effects on micrometastatic
disease.

We conducted a phase I trial to determine the maximum
tolerated dose (MTD) of sorafenib in combination with pre-
and postoperative epirubicin and ifosfamide and 28 Gy of
preoperative hypofractionated radiotherapy. DCE-MRI is a
powerful imaging tool for evaluation of tumor microvas-
cular properties. An additional exploratory objective was to
use the quantitative DCE-MRI approach to assess preoper-
ative therapy effects.

Materials and Methods
Eligibility

Eligible patients were >15 years of age with histologically
confirmed intermediate or high grade (grade 2-3 on a 3-
point scale or grade 2-4 on a 4-point scale) soft tissue
sarcoma of the extremities or body wall. Excluded histolo-
gies were rhabdomyosarcoma (patients with pleomorphic
rhabdomyosarcoma were eligible), Ewing sarcoma, primi-
tive neuroectodermal tumor, osteosarcoma, or gastrointes-
tinal stromal tumor. Tumors were superficial or deep and >5
cm in greatest dimension. Patients had no contraindica-

tions to limb sparing surgery. Patients with metastatic
disease (excluding brain metastases) were allowed, if they
were appropriate candidates for resection of the primary
tumor. No prior chemotherapy, radiation, or biotherapy
was permitted. Patients had Eastern Cooperative Group
performance status of 0 or 1, adequate organ function, and
left ventricular ejection fraction (LVEF) >50%. Patients
with systolic blood pressure >150 mmHg or diastolic pres-
sure >90 mmHg despite optimal medical management,
serious bleeding or major surgery within the previous 4
weeks, coagulopathy, severe peripheral vascular disease, or
malabsorption problems were excluded. The protocol was
approved by the local institutional review board, and all
patients provided written informed consent.

Study design

Subjects were treated at escalating dose levels of sorafenib
(200 mg daily, 400 mg daily, or 400 mg twice daily) and
fixed doses of chemotherapy and hypofractionated radia-
tion. MTD was defined as the dose that produced dose
limiting toxicity (DLT) in no more than 33% of patients.
At least 3 patients were enrolled at each dose level. If 1 of the
first 3 patients experienced DLT, the dose level was expand-
ed to a total of 6 patients. If no more than one DLT was
observed among the 6 patients, enrollment proceeded to
the next dose level. If 2 or more of 3 patients or 3 or more of
6 patients experienced DLT, the MTD was considered
exceeded and the dose was reduced to the previous level.
Dose escalation was determined on the basis of the DLTs
observed through the first 8 weeks of therapy. DLT was
defined as grade 4 anemia, grade 4 neutropenia > 7 days,
grade 3-4 thrombocytopenia with bleeding or grade 4
thrombocytopenia > 5 days, and grade 3-4 nonhematolo-
gic toxicity. Exceptions to this definition included nausea/
vomiting responsive to antiemetics, grade 3 neutropenic
fever <5 days, grade 3 encephalopathy <2 days, grade
3-4 hypokalemia, hypophosphatemia, hypomagnesemia,
hypocalcemia unless requiring hospitalization, grade 3
diarrhea controlled with medication within 2 days, and
grade 3 hypertension controlled with medication.

Sorafenib was initiated 14 days before the first cycle of
chemotherapy and administered orally at the assigned dose
level. Sorafenib was discontinued 1 week before surgery and
resumed 1 week after surgery and then continued until the
completion of postoperative chemotherapy. Chemothera-
py consisted of epirubicin 30 mg/m?/d for days 1-3 and
ifosfamide 2.5 g/m?/d for days 1-3 every 21 days for 3
preoperative and 3 postoperative cycles. These doses were
chosen to be 25% less than used in our previous trial as the
average delivered dose intensity in that study was only 69%
of planned (6). Intravenous hydration and mesna were
administered with each cycle. Peg-filgrastim was adminis-
tered after each cycle of chemotherapy. Epirubicin was
omitted during cycle 2, which coincided with the start of
external beam hypofractionated radiotherapy consisting of
28 Gy administered over 8 daily fractions. The biologic
effective dose of the hypofractionated regimen is estimated
to be slightly lower than that of a standard fractionation
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regimen to maintain the same level of toxicity when the
radiation is delivered concurrently with radiation-sensitiz-
ing chemotherapy. A postoperative radiotherapy boost of
12 Gy over 6 daily fractions was given only to patients with
positive surgical margins and began approximately 2 weeks
following resection. At week 11 of treatment, surgical resec-
tion with wide excision was planned with margins >1 cm
where possible, without compromising function. Around
vital structures, the margin removed was often <1 cm.
Dissection was done through grossly normal tissue planes.
If the tumor was close to or displaced major vessels, nerves,
or bone; adventitia, perineurium, or periosteum was
removed and frozen section was checked. If this margin
was considered negative, the vessel, nerve, or bone
remained. The use of pedicled muscle, myocutaneous flaps,
or free flaps was encouraged to fill dead space and provide
adequate soft tissue coverage for vital structures. Split thick-
ness skin graft was used as necessary. Sorafenib and che-
motherapy were resumed as soon as adequate wound
healing was achieved.

The sorafenib dose was reduced for grade 4 or recurrent
grade 3 nonhematologic toxicity and for grade 2 symptom-
atic/persistent or grade 3 hypertension. Grade 4 hyperten-
sion required discontinuation of sorafenib. A dose
reduction could also be considered for grade 2 hand-foot
skin reaction and was required for the second occurrence of
grade 2 or for grade 3 hand-foot skin reaction. Re-escalation
of sorafenib was permitted after improvement of hand-foot
skin toxicity to grade 0 and 1.

Assessments

Safety. Safety evaluations including history and phys-
ical examinations, vital signs, and adverse event (AE)
assessment were conducted at screening, before each
cycle, before surgery, and at the end of treatment. Blood
pressure was monitored weekly for the first 6 weeks of
therapy. Laboratory tests including complete blood
counts (CBC) and chemistries were checked weekly dur-
ing treatment. MUGA or echocardiography was obtained
before treatment and before cycle 5. Adverse event sever-
ity was graded according to the National Cancer Institute
Common Terminology Criteria for Adverse Events
(CTCAE) version 3.0.

Efficacy. All specimens of the primary tumor were
examined for histologic response at the time of surgery by
the study pathologist who estimated the amount of viable
tumor and reported the percentage of necrosis. For the
purposes of this study, specimens were classified as either
>95% necrosis or <95% necrosis. Radiographic response of
the primary tumor was evaluated at baseline and before
surgery per Response Evaluation Criteria in Solid Tumors
(RECIST; ref. 18).

DCE-MRI

Subjects were given the opportunity to consent to a
separate Institutional Review Board (IRB)-approved study
evaluating the use of DCE-MRI biomarkers for evaluation
of therapy response during the preoperative period. DCE-

MRI of the primary tumor was conducted within 7 days
before the start of treatment with sorafenib, approximate-
ly 2 weeks after initiating sorafenib therapy but before
receiving chemotherapy, and once more after the com-
pletion of preoperative therapy, before surgery. MRI data
were acquired with a 3T Siemens Tim Trio whole-body
system using the body coil as the transmitter and a body
matrix phased array (combined with a spine matrix
phased array) coil as the receiver. Following scout and
axial T,-weighted MRI, a 3D RF-spoiled gradient echo
sequence was used to acquire sagittal DCE-MRI images
covering the entire tumor, with 10° flip angle, TE/TR =
1.5/6.0 ms, 24-26 cm field of view (FOV), 5 mm slice
thickness, and 320 x 160 matrix size. A parallel imaging
acceleration factor of 2 was used for DCE-MRI, resulting
in 7- to 16-second temporal resolutions depending on
tumor size. The total DCE acquisition time was approx-
imately 10 min with gadolinium contrast agent (Pro-
hance) IV injection (0.1 mmol/kg at 2 mL/s) carried out
following acquisition of 5 baseline image volumes.

For pharmacokinetic modeling of the DCE-MRI data, the
arterial input function (AIF) was determined by direct
measurement from a major artery within the image field
of view, adjacent to the tumor: for example, femoral artery
was used for AIF measurement for most tumors located in
the thigh, knee, and calf. The DCE-MRI data set was sub-
jected to pharmacokinetic analysis twice, once with the
standard model (SM) or Tofts model (19) and once with
the shutter-speed model (SSM; refs. 20, 21)—the former
ignores whereas the latter takes into account the intercom-
partmental water exchange kinetics. DCE-MRI time course
data fitting with the SM and SSM generated the values of
K"™" (rate constant for contrast agent transfer between
plasma and interstitium) and v, (extravascular and extra-
cellular volume fraction) for each model, and AK"™",
defined as [K"*$(SSM) — K"™"*(SM)] (22-24), was calcu-
lated. As the only difference between the 2 models is that the
SSM takes into account the finite water exchange kinetics
whereas SM does not, AK"*" appraises the exchange effects
on K" estimation (22-24). As a result of always assuming
infinitely fast equilibrium transcytolemal and transen-
dothelial water exchange kinetics, the SM generally under-
estimates tumor K" values (22-24). In a recent breast
DCE-MRI study, we have shown that AK"™" is a more
sensitive and specific imaging biomarker for breast cancer
diagnosis than either K™"* (SSM) or K"*"* (SM; refs. 22, 23).
The theory and mathematical formulations for the SM and
SSM analyses of DCE-MRI data obtained with a gradient
echo sequence have been described in detail (20-22). The
whole tumor region of interest (ROI) DCE-MRI parameter
values were calculated by averaging the ROI values from
each of the image slices covering the entire tumor, weighted
by the pixel numbers within the ROI in each image slice.
Pixel parameter values were analyzed with histograms and
the amplitude and median values were obtained. MRI
tumor size changes were assessed with RECIST (18) using
the post-contrast DCE images at or near the maxima of
signal intensity time courses.
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Statistical analysis

Descriptive statistics were used to summarize patient
clinical characteristics, safety data, and the percentage of
patients who achieved histologic or radiologic response.
Progression-free survival (defined as the duration of time
from registration to progressive disease, local recurrence,
distant metastatic disease, or death, whichever occurs first)
was estimated using Kaplan-Meier method. Linear regres-
sion analysis was used to test the association between
percent necrosis in the pathology specimen at the time of
surgical resection (dependent variable) and the changes in
DCE-MRI parameters and RECIST after 2 weeks of treatment
with sorafenib (independent variables).

Results

Patient characteristics

Eighteen patients were consented for this study from
September 2009 through July 2011. One patient was found
to be ineligible due to a history of a gastric bypass. Another
patient withdrew consent before starting treatment leaving
16 patients who were eligible and received study treatment
(Table 1). The median length of follow-up at the time of this
report is 26 months (range, 19-40 months).

MTD and DLTs

A summary of DLTs is included in Table 2. Dose level 1
was expanded by 3 patients due to a DLT of grade 3
mucositis in 1 of the first 3 patients. One patient at dose
level 2 developed grade 3 hypertension that was controlled
with adjustment of antihypertensive medication but none-
theless required sorafenib dose reduction due to the
prespecified dose modification guidelines. As this event did
not meet the definition of DLT, an additional patient was
enrolled at this dose level to adequately determine safety for
dose escalation. At dose level 3, all patients experienced
DLT. One patient developed grade 4 neutropenic sepsis
with an associated catheter-related septic thrombus as well
as grade 3 hand-foot syndrome. The remaining 2 patients
developed grade 3 rash and hand-foot syndrome. The MTD
was determined to be sorafenib 400 mg once daily. Dose
level 2 was subsequently expanded by an additional 3
patients to further estimate safety. Of these 3 patients, one
experienced a syncopal event and therefore one DLT in the
dose level 2 cohort.

A summary of delivery of epirubicin and ifosfamide
chemotherapy is detailed in Table 2. Twelve patients
(75%) completed all 6 cycles of planned chemotherapy
with epirubicin and ifosfamide and 6 (38%) completed all
planned chemotherapy without dose reduction. Three of
the 4 patients who did not complete all 6 cycles received 5
cycles of chemotherapy. The remaining one patient, who
was treated in the dose level 3 cohort, withdrew consent
after one cycle of chemotherapy because of toxicity (neu-
tropenic sepsis, thrombosis, and hand-foot syndrome).

Six patients (38%) discontinued sorafenib before the end
oftreatment. Three patients (19%), 2 in dose level 2 and 1 in
dose level 3, required discontinuation per protocol for

Table 1. Baseline patient demographics and
clinical characteristics (N = 16)
Characteristic n (%)
Age, y

Median 54

Range 25-63
Sex

Male 12 (75)

Female 4 (25)
ECOG performance status

0 13 (81)

1 3(19)
Largest tumor dimension, cm

Median 11.7

Range 6.6-26.1
Grade

Intermediate 9 (56)

High 7 (44)
Depth

Superficial 0

Deep 16 (100)
Stage (AJCC 6th edition)

1] 14 (88)

vV 2(12)
Histology

Pleomorphic/NOS 7 (44)

Synovial 5 (31)

Liposarcoma 3(19)

Leiomyosarcoma 1(6)
Location

Lower extremity 12 (75)

Upper extremity 4 (25)
Abbreviations: AJCC, American Joint Committee on Cancer;
ECOG, Eastern Cooperative Oncology Group; NOS, not
otherwise specified.

prolonged thrombocytopenia, decreased LVEF, and rash,
respectively. One patient was removed from protocol treat-
ment due to a greater than 3-week delay in treatment as the
result of a wound complication. Two patients withdrew
consent. Four patients (25%) required at least one dose
reduction of sorafenib with 3 of the 4 patients being treated
at dose level 3. The mean dose delivery of the planned
sorafenib dose was 91%, 87%, and 38% for dose levels 1, 2,
and 3, respectively.

Safety

The most common adverse events are shown in Table 3.
Fourteen patients (88%) experienced grade 4 toxicity but
only 2 patients (13%) experienced a grade 4 nonhemato-
logic toxicity similar to 84% and 16% reported with our
previous chemoradiotherapy regimen without sorafenib
(6). Eight patients (50%) experienced a neutropenic fever
or neutropenic infection despite the routine use of
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Table 2. DLTs and dose intensity

Dose level 1

Dose level 2 Dose level 3

Sorafenib dose
Epirubicin dose per cycle
Ifosfamide dose per cycle

200 mg daily
30 mg/m?/d x 3d

(% of planned dose)

2,500 mg/m?/d x 3d

Radiation 350 cGy x 8 fractions
Subjects, n 6
DLTs, n 1
DLT (grade) Mucositis (3)
Mean dose delivered of epirubicin 86%
(% of planned dose)
Mean dose delivered of ifosfamide 94%

400 mg daily

30 mg/m?/d x 3d

2,500 mg/m?/d x 3d 2,500 mg/m?/d x 3 d

350 cGy x 8 fractions 350 cGy x 8 fractions

7 3

1 3

Syncope (3) 1. Neutropenic sepsis (4),
thrombosis (3),
hand-foot syndrome (3)

400 mg BID
30 mg/m?/d x 3d

2. Rash (3),
hand—foot syndrome (3),
3. Rash (3)
86% 73%
92% 73%

NOTE: DLTs during the first 8 weeks of treatment.

prophylactic colony-stimulating factor, similar to the 40%
rate previously reported (6). Two patients (13%) had a
grade 1 decline in LVEF. Two patients (13%) experienced
grade 3 ifosfamide-induced neurotoxicity. There was a high
rate of hypophosphatemia with 12 patients (75%) devel-
oping grade 3 hypophosphatemia compared with only 16%
previously reported with the chemoradiation alone (6). No
treatment-related deaths have occurred.

Nine postoperative wound complications that required
surgical intervention occurred in 6 patients (38%). An
expected 35% wound complication rate with preoperative
radiation alone has been previously published (25). Most of
the complications were infectious and required IV antibio-
tics and surgical debridement. Four of the 6 patients with
wound complications had lower extremity tumors.

Efficacy

Limb salvage surgery was conducted on all 16 patients.
One patient ultimately required amputation after falling
and fracturing the tibia at the site of an infected wound.
Only one patient had microscopically positive margins
requiring postoperative boost radiotherapy. Seven patients
(44%) had >95% histologic necrosis in the surgical spec-
imen following preoperative chemoradiotherapy; we pre-
viously reported a 40% rate in our prior phase II trial
without sorafenib (6). Three of these patients were treated
in the dose level 1 cohort, and the remaining 4 patients were
treated in the dose level 2 cohort. Histologic necrosis ranged
from 10% to 100%. One patient (6%) had a partial response
by RECIST. This patient was treated in the dose level 2
cohort and had <95% histologic necrosis in the surgical
specimen. No patients had progressive disease by RECIST
during the preoperative treatment period.

A Kaplan-Meier curve of progression-free survival is
shown in Fig. 1. With a median follow-up of 26 months,
none of the 14 subjects with stage III disease have recurred.
Two subjects with metastatic disease at baseline progressed
at 6 and 14 months, respectively, after the completion of
study treatment. At the time of writing, there have been no
local recurrences and no patients in this study have died.

DCE-MRI

Eleven of the 16 patients were enrolled in the correlative
DCE-MRI study. Eight of these patients completed at least
the first 2 of the 3 planned MRI studies. Tumors that showed
a greater decrease in AK"™" (tumor ROI value or histo-
graphic median of the pixel values) after 2 weeks of sor-
afenib were generally found to have a higher percentage of
histologic necrosis in the subsequent surgical specimen
(Fig. 2), whereas changes in RECIST measurements of
tumor size after 2 weeks of treatment with sorafenib were
indiscriminate in relation to necrosis percentage. The
inverse relationship of percent change in tumor AK"™" after
2 weeks of sorafenib with necrosis percentage of surgical
specimen is statistically significant (R*> = 0.67, P = 0.012).
On the basis of mean ROI and histographic median
K"7S(SM), K"™"(SSM), and AK"™" values, the percentage
change of AK"™" was able to differentiate 2 of 3 patients
with optimal responses (>95% necrosis in surgical speci-
men) from 5 with suboptimal responses (<95%
necrosis; Fig. 2), whereas those of K"™™(SM) and
K"™"*(SSM) could only discriminate one optimal responder
from the suboptimal responders. After completion of pre-
operative treatment, however, multiple MRI parameters
were good biomarkers to completely differentiate the opti-
mal from suboptimal responders, including RECIST, ROI,
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Table 3. Most common and grade 3-4 adverse events

DL 1 (n = 6)

DL2(n=17) DL3(n=3)

Grade 1-2 Grade 3-4 Grade 1-2 Grade 3-4 Grade 1-2 Grade 3-4

All grades
and DLs
(N = 16),
Adverse event n (%)
Hematologic
Neutrophils 16 (100)
Lymphopenia 16 (100)
Hemoglobin 16 (100) 2
Platelets 16 (100) 2
Leukocytes 15 (94) 1
Nonhematologic
Alopecia 16 (100) 6
Nausea/vomiting 16 (100) 6
Fatigue 15 (94) 5
Constipation 12 (75) 4
Diarrhea 11 (69) 4
Rash 10 (63) 4
Rash/burn associated with radiation 10 (63) 4
Mucositis 10 (63) 2
Neutropenic fever/neutropenic 8 (50)
infections
Hand-foot syndrome 8 (50) 1
Hiccoughs 8 (50) 3
Anorexia 8 (50) 4
Hypertension 7 (44) 1
Headache 7 (44) 3
Non-neutropenic infections 6 (38) 1
Dyspnea 5 (31) B
Atrial/sinus tachycardia 5 (31) 4
Taste alteration 5 (31) 3
Voice changes 5 (31) 2
Encephalopathy/memory impairment 4 (25)
Vasovagal/syncope 3(19)
Fracture 2 (13)
Thrombosis 2 (13)
Laboratory abnormalities
Hypoalbuminemia 15 (94) 4
Hypophosphatemia 14 (88)
Hyponatremia 14 (88) 5
Transaminitis 11 (69) 6
Alkaline phosphatase 9 (56) 5
Hypokalemia 8 (50) 1
Hypomagnesemia 8 (50) B
Hypocalcemia 7 (44) 2
Hyperglycemia 6 (38) 5
Hyperbilirubinemia 3(19) 2

Hyperkalemia

a B~ OO

7 1 2
1 6 2 1
1 6 2 1
4 3 2 1
6 1 2
7 3
7 3
5 2 3
6 2
4 2
4 2
5 1
5 2
4 1
4 1 2
4 1
3 1
1 1 1
2 2
1 2
2
;
2
2 1
2
1 1
2
7
6 3
2 4 3
4 1 3
4 1
3 1
2 1 1
2 3
3 1
-

adverse events.
Abbreviation: DL, dose level.

NOTE: All adverse events with frequency of >25% and all grade 3-4 adverse events, regardless of frequency. There were no grade 5

and histographic median values of K"***(SM), K"**$(SSM),
and AK"™"* (data not shown). v, is not a good discriminator
of the 2 responder groups at either time point (data not
shown). Figure 3A shows tumor K™ (SM), K" (SSM),

and AK"*" maps on one image slice at 3 time points in one
patient with a good histologic response (>95% necrosis).
All 3 parameter values were substantially reduced after 2
weeks of sorafenib, with the decrease in AK"™" being the
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Figure 1. Kaplan—-Meier curve of progression-free survival. With a median
follow-up of 26 months, there have been no local recurrences and 2 of 16
subjects had progression of distant metastatic disease.

most dramatic. The percentage change in the mean ROI or
histographic median AK"™" value, but not those of the
corresponding K"*"$(SM) and K""*(SSM) values, was able
to discriminate this patient from the suboptimal respon-
ders. After the completion of the entire treatment course, all
3 maps were essentially uniformly blue (close to values of
zero), consistent with minimal perfusion and considerable
necrosis. Figure 3B shows the same types of parametric
maps at baseline and after 2 weeks of sorafenib treatment
for a suboptimal (30% necrosis at surgery) and another
optimal responder (99% necrosis at surgery). Again, the
K™ (SM and SSM) and AK"™™ parameters were signifi-
cantly decreased for the optimal responder—in this case,
the percentage changes of all 3 parameters was able to
discriminate this optimal responder from the suboptimal
responders, whereas there were no noticeable changes for
the suboptimal responder after 2 weeks of sorafenib.

Discussion

The addition of sorafenib to chemoradiotherapy for
extremity soft tissue sarcomas is feasible without significant
additional systemic toxicity compared with historical stud-
ies using pre- and postoperative chemoradiotherapy alone.
We determined an MTD for sorafenib of 400 mg daily when
combined with a regimen of preoperative hypofractionated
radiation and pre- and postoperative epirubicin and ifosfa-
mide and recommend this dose for phase II testing.

Sorafenib-associated toxicities including rash and hand-
foot syndrome limited further dose escalation of sorafenib
when administered with chemoradiotherapy. At the MTD
of sorafenib, toxicity was similar to that seen with chemor-
adiotherapy alone (6). The most common grade 3-4 non-
hematologic toxicity was hypophosphatemia, a known side
effect of both sorafenib and ifosfamide, which was managed
with phosphorus replacement and did not lead to any
sequelae. Side effects were expected from the agents used,
and there was no clear evidence of synergistic toxicity.
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Figure 2. Scatter plots of percentage necrosis at the time of surgery versus
percentage changes in tumor ROI AK"™" (A) and RECIST measure of
tumor size (B) after 2 weeks treatment with sorafenib. The percentage

change in AK"™" was significantly inversely associated with percent

necrosis at surgery (A; R?*=0.675,P=.01 2), whereas percentage change
in RECIST did not correlate with percent necrosis at surgery (B; R* =
0.019, P = 0.747). The solid lines indicate the predicted means from the
linear regression model with 95% confidence bands shown by dashed
lines.

Acute wound-healing complications are a potential dis-
advantage to the preoperative administration of radiother-
apy in patients with extremity soft tissue sarcomas. The rate
of wound complications of 38% in this study is similar to
what has been reported with preoperative radiation alone,
although greater than the 20% rate we previously reported
with chemoradiation alone (6, 25). While acute wound
complications associated with preoperative radiation is
most commonly a phenomenon of lower extremity tumors,
2 of the 4 patients with upper extremity tumors in our study
experienced wound complications. Further evaluation of
the effect of sorafenib on wound healing in this setting
should be carefully evaluated in future clinical trials.

The prescribed doses of epirubicin and ifosfamide were
25% less than used in our previous trial of chemoradiother-
apy, in recognition that the previous study achieved only a
69% average delivered dose intensity (6). With the lower
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Figure 3. A, parametric color maps of tumor K™ (SM), K™ (SSM), and AK'™"™ before treatment (baseline), after 2 weeks of sorafenib, and after completion of
preoperative treatment are overlaid on corresponding post-contrast DCE-MRI images. Substantial decreases in K™ (SM and SSM) and especially
AK"™"S were observed after only 2 weeks of sorafenib in a myxoid round cell liposarcoma that showed good histologic response (>95% necrosis) at surgery.
B, similar maps at baseline and after 2 weeks of sorafenib from a suboptimal responder (30% necrosis at surgery) and another optimal responder (99%

. . . A
necrosis at surgery). No noticeable changes were seen in K"

doses of chemotherapy used in the current study, the mean
dose delivered of epirubicin and ifosfamide ranged from
86% 10 94% in dose levels 1 and 2 and was only 73% in dose
level 3. Higher doses of sorafenib may have decreased the
tolerability of the chemotherapy backbone, further support-
ing the choice of 400 mg sorafenib as the recommended
phase II dose.

We found evidence of activity in this phase I study, with
only 2 patients developing progressive disease and no
deaths with a median follow-up of 26 months. Both pro-
gressing patients harbored low volume pulmonary meta-
static disease at study entry and remained free of disease
progression for 6 and 14 months. Of the remaining 14
patients with nonmetastatic disease at study entry, there
have been no local or distant recurrences. The estimated 2-
year disease-free survival in our previous trial using the
chemotherapy backbone of epirubicin and ifosfamide was
62% (6). Evidence of significant treatment effect was seen in
44% of tumors that were found to have >95% histologic
necrosis in the operative specimen. Since the time that this
study was initiated, VEGF-R tyrosine kinase inhibitors have

(SM and SSM) and AK™"® maps of the suboptimal responder after 2 weeks of sorafenib.

been established as active therapy for advanced soft tissue
sarcomas (11). Data from a VEGF-overexpressing sarcoma
mouse model showed that VEGF-R blockade can enhance
chemotherapy responsiveness and decrease the develop-
ment of pulmonary metastases (26), suggesting that
the benefit of these agents could potentially be greatest in
the low disease burden setting of earlier stage disease. The
preliminary efficacy results from this phase I trial support
further study in a larger trial.

One of the challenges to clinical trial design using anti-
angiogenic agents is that radiographic changes may be
subtle. In this study, only one patient had a RECIST-defined
partial response to preoperative chemoradiotherapy. How-
ever, primary soft tissue sarcomas are often heterogeneous
tumors admixed with viable tumor, fibrosis, and hemor-
rhage, and radiographic tumor shrinkage to preoperative
therapy often does not correlate with pathologic and clin-
ical outcomes (27-30). DCE-MRI is a functional imaging
modality that can detect changes in blood flow and blood
vessel wall permeability and is being increasingly used as an
imaging biomarker in studying the effect of antiangiogenic
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agents. To our knowledge, this is the first study using DCE-
MRI as an imaging biomarker for preoperative chemora-
diotherapy in high-risk extremity soft tissue sarcomas in
humans. While the SM (19) is frequently used to estimate
kinetic parameters such as K™, the most reliable pharma-
cokinetic parameter for assessing the effect of antiangio-
genic drugs remains undefined (31). The SSM is a compre-
hensive method for quantitative DCE-MRI data analysis
and is probably more accurate in estimating pharmacoki-
netic parameters as it takes into account the fact that
equilibrium intercompartmental (transcytolemmal and
transendothelial) water exchange is not infinitely fast
(20, 21). AK"™*, which is the difference between K"
(SSM) and K™ (SM) and appraises the exchange effects,
is a DCE-MRI parameter that appears to be rather sensitive
to angiogenesis in malignant tumors (23). It has also been
shown to be an accurate diagnostic marker for breast (22,
23) and prostate cancers (24) and a potential biomarker for
assessing breast cancer response to chemotherapy (32).
Consistent with our findings in previous diagnostic studies
(22-24), the AK"™" parameter seems to be more sensitive
than either K"™"$(SM) or K"™"$(SSM) to antiangiogenic
agent-induced vascular changes in soft tissue sarcoma. The
results from this study suggest that the SSM DCE-MRI
approach can detect clinically significant changes in perfu-
sion of soft tissue sarcomas early in the course of treatment
with an antiangiogenic agent. Such findings have future
implications for modifying the treatment plan for an indi-
vidual patient early in the course of therapy who is not likely
to respond to current treatment based on functional imag-
ing findings. In addition, screening novel agents for activity
in the primary tumor with this methodology could be
explored in future clinical trials.

In conclusion, the addition of sorafenib to perioperative
chemoradiotherapy for high-risk soft tissue sarcomas is
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