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We explored the feasibility of concurrent palliative che-
motherapy and low-dose fractionated radiotherapy
(LD-FRT) in glioblastoma multiforme (GBM). Patients
with recurrent/progressive GBM at least 3 months
after the end of primary radiotherapy received 0.3 Gy
twice daily with cisplatin and fotemustine if progressing
on temozolomide, or 0.4 Gy twice daily with temozolo-
mide if recurrent 4-6 months later (retreatment group).
Newly diagnosed GBM with gross residual mass
received 30 Gy with concomitant and adjuvant temozo-
lomide and 0.4 Gy twice daily from the second adjuvant
cycle (naive group) for 2—4 cycles. Twenty-six patients
were enrolled. In the retreatment group (n=17;
median LD-FRT total dose 7.2 Gy [range 2.4-11.6]),
grade 3 or 4 hematological toxicity was observed in
5.9% of patients. Median follow-up time was
20 months (range 4—35). Median progression-free survival
(PFS) and overall survival (OS) from the time of recur-
rence or progression were 4 and 8 months, respectively
(OS at 6 months, 69%; at 12 months, 16.7%). In the
naive group (# = 9; median LD-FRT total dose 8 Gy
[range 3.2-16]), grade 3 or 4 hematological toxicity
was observed in 11.1% of patients. Median follow-up
time was 17 months (range 8-20)—median PFS was
9 months, with PFS at 6 months and at 1 year of
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66.7% and 26.7%, respectively; and median OS was
12 months, with OS at 6 months and at 1 year of
77.8% and 34.6%, respectively. LD-FRT with concur-
rent chemotherapy was well tolerated.
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lioblastoma multiforme (GBM) accounts for
G75% of primary adult brain tumors." The stan-

dard of care for newly diagnosed GBM is surgi-
cal resection, followed by 3-dimensional conformal
radiotherapy with concomitant and adjuvant che-
motherapy, resulting in a median survival of 12-15
months.” Patients submitted to only biopsy and patients
with gross residual tumor after surgery are included in
recursive partitioning analysis (RPA) classes V and VI,
characterized by a far worse prognosis, with a median
survival of 5-9 months.>*

Treatment for recurrent disease generally includes
surgery, stereotactic radiation therapy, chemotherapy,
or supportive care, and the choice is usually based on
size and location of the tumor, on previous treatment,
and on patients’ performance status.” =’

Different approaches have been investigated in order
to improve this poor outcome without enhancing tox-
icity, both in treatment-naive patients and in those
with recurrent or progressive tumor.

Many molecular mechanisms may contribute to the
clinical resistance of GBM to alkylating drugs and to
radiation with standard fractionation levels.®*~'! Some
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studies suggest that the induction of apoptosis in cancer
cells has an important role in the efficacy of chemother-
apy and radiotherapy, and some evidence points to a
determinant role for p53 in apoptosis induction by antic-
ancer agents'>'? and radiotherapy.'® The majority of
GBM cases are characterized by expression of mutant
forms of p53 or by functional inactivation of the p53
protein,”> " and it could be argued that the high
degree of GBM resistance to high doses of radiation
may be due to the impairment of p53 activity."
Several in vitro studies’®~** have shown hyper-
radiosensitivity (HRS) of some human malignant
glioma cell lines to low radiation doses (<1 Gy).
Nevertheless, Krause et al.>’ did not observe any
improvement in outcomes when ultrafractionated
irradiation was translated in vivo in some human glio-
blastoma cell lines. On the contrary, increased resistance
to radiation was observed for higher doses, a phenom-
enon termed increased radioresistance.”* " In order to
increase cell killing at low doses of radiation, systemic
chemotherapy could be added. Preclinical studies'***
demonstrated a synergistic effect between low doses of
radiotherapy and chemotherapy, showing that
low-dose fractionated radiotherapy (LD-FRT) improves
the effectiveness of multiple chemotherapeutic agents
such as carboplatin, cisplatin, docetaxel, etoposide,
gemcitabine, and paclitaxel.’' =37

Temozolomide (TMZ) is an oral alkylating agent
with blood—brain barrier penetration, and its efficacy
in treating newly diagnosed glioma has been largely
demonstrated in combination with radiotherapy.
However, there are limited data for recurrent
disease.> Novel chemotherapy agents and altered
TMZ schedules are under evaluation as second-line
treatments for recurrent or progressive disease; there-
fore, even if clear data are not vyet available,
nitrosourea-based chemotherapy should be considered
a good option,*®3? as should TMZ rechallenge for
patients without disease progression during TMZ
treatment.*® Fotemustine (FTM) is a third-generation
nitrosourea with an alkylating cytotoxic activity,
characterized by a phosphoalanine carrier group
grafted on the nitrosourea radical, which gives it
high lipophilicity that allows it to cross the blood-
brain barrier.*! FTM showed both in vitro and in
vivo marked antineoplastic activity on human GBM
and medulloblastoma cell lines.*?

Considering this clinical and molecular background,
in this prospective study we evaluated the feasibility
and efficacy of a novel palliative radiochemotherapy
schedule of low-dose radiation therapy combined with
TMZ or FTM plus cisplatin in GBM patients. Two
groups of patients were included: (1) patients who
experienced disease recurrence or progression during
or after TMZ treatment (retreatment group) and (2)
newly diagnosed GBM patients with a poor prognosis
because they were treated by only biopsy or because
they had gross residual tumor mass after surgery and
therefore were included in RPA classes V-VI (naive

group).
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Materials and Methods

Eligibility

In the retreatment group we enrolled patients with recur-
rent or progressive GBM after radiotherapy/TMZ treat-
ment, observed on MRI and occurring at least 3 months
after completion of radiotherapy,* while patients with
gross residual mass after surgery or treated by only
biopsy were included in the naive group. The extent of
residual disease was defined on postoperative MRI, per-
formed 20-30 days after surgery, according to the sur-
geon’s assessment. We defined a “gross residual mass”
as a residual tumor of more than 50% compared with
initial disease, and a “partial resection” as surgery
leaving 25%-50% of the initial disease. Further entry
criteria were age >18 years; KPS > 70; white blood cell
count >3.5 x 10°/L; platelet count >150 x 10”/L;
bilirubin and creatinine levels 1.5 times the upper limit
of normal; and aspartate aminotransferase, alanine ami-
notransferase, and alkaline phosphatase >2.5 times the
upper limit of normal. All patients provided written
informed consent before receiving treatment.

Radiotherapy and Concomitant Chemotherapy

Pretreatment gadolinium-enhanced MRI was performed
in all cases. Patients were immobilized with a thermo-
plastic mask, and image fusion with MRI scans was per-
formed for contouring. The clinical target volume,
defined by a radiation oncologist and a neuroradiologist,
included surgical cavity contrast enhancement plus the
tumor or gross residual tumor or recurrent/progressive
disease related to the particular clinical situation, plus
a 30-mm margin. Treatment planning was carried out
with Eclipse Treatment Planning Systems (Varian
Medical System), and 3 or 4 (coplanar or not) multileaf-
conformed radiation fields were used.

The organ-at-risk constraints were those described by
Emami et al.** and by the recent update by the
QUANTEC (Quantitative Analyses of Normal Tissue
Effects in the Clinic) initiative.*> Previous radiotherapy
treatments were taken into account and cumulative
dose volume histograms were calculated in case of
retreatment.

Retreatment patients, who were previously treated
according to the study schedule of the European
Organisation for Research and Treatment of Cancer
and the National Cancer Institute of Canada trial,?
received 2 different schedules of LD-FRT depending on
the time of observation on MRI of recurrent or progress-
ive disease:

1. Cisplatin 30 mg/m? on days 1, 8, and 15 for patients
with disease progressing during TMZ therapy, and
FTM 40 mg/m? on days 2, 9, and 16*® concomitant
with 0.3 Gy twice daily, with at least a 6-h interfrac-
tion interval**?*! on days 1-2, 8-9, and 15-16,
every 42 days, depending on the chemotherapy



schedule (2 cycles: total dose of 7.2 Gy with an
overall treatment time of 58 days).

2. TMZ rechallenge (150/200 mg/m?) combined with
LD-FRT 0.4 Gy twice daily for patients with recur-
rent disease 4—6 months after the end of adjuvant
TMZ treatment,”* with at least a 6-h interfraction
interval, over 5 consecutive days, every 28 days,
always depending on chemotherapy schedule (2
cycles: total dose of 8 Gy with an overall treatment
time of 33 days).

A dose per fraction <0.5 Gy was chosen because
such doses proved to be more effective than higher
doses per unit dose in killing clonogenic cells of many
tumor cell lines.'*** In our study, 2 different fractiona-
tions (0.3 Gy and 0.4 Gy) were chosen in order to
reach the similar total dose of 7-8 Gy after 2 cycles,
given the different schedules of concomitant chemother-
apy used in the 2 groups. Chemotherapy was delivered
between the 2 daily fractions of radiotherapy.

Naive patients with newly diagnosed GBM received
30 Gy*’ (3 Gy/day over 2 weeks) with concomitant
and adjuvant TMZ (75 mg/m? from start to end of
radiotherapy), followed by adjuvant TMZ; LD-FRT
(0.4 Gy twice daily, over 5 consecutive days, every 28
days) was combined with TMZ (200 mg/m?) starting
from the second adjuvant cycle. This short palliative
regime was selected to reduce overall treatment time,
the standard approach of 6 weeks being probably inap-
propriate for patients with a life expectancy lower than
6 months.

Patients were weekly evaluated for tolerance and tox-
icity during radiation therapy, with a baseline ex-
amination including cranial MRI, physical and
neurological examination, and a Mini-Mental State
Examination.

MRI scans were performed after every second radio-
chemotherapy cycle, and another 2 treatment cycles
were scheduled if neither disease progression nor unac-
ceptable toxicity was recorded.

Toxicity

The primary endpoints of the study were the evaluation
of treatment-related toxicity and compliance of patients.
Toxicity was graded using the Common Terminology
Criteria for Adverse Events version 4.0.** Patients’ com-
pliance with treatment was evaluated as the percentage
of patients who completed at least 2 cycles of concomi-
tant radiochemotherapy with LD-FRT.

Efficacy Outcomes

Clinical response was evaluated by MRI, performed
after every second cycle of radiochemotherapy, accord-
ing to the modified World Health Organization
(Macdonald) criteria.*” Progression-free survival (PFS)
and overall survival (OS) were also evaluated.
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Statistical Analysis

Survival analysis was performed by the Kaplan—Meier
model, using MedCalc software (www.medcalc.be).

For patients in the naive group, OS was calculated
from the time of diagnosis until death or last follow-up;
in the retreatment group, it was calculated from the time
of diagnosis of recurrence or progression until death or
last follow-up. PFS was calculated for the retreatment
group from the first fraction of radiotherapy delivered
after recurrent/progressive disease, while for the naive
group it was calculated from the time of biopsy or
surgery.

Results

Study Population

From February 2008 to June 2010, 26 eligible patients
underwent LD-FRT and concurrent chemotherapy.
Patient characteristics are shown in Table 1. There
were 17 patients enrolled in the retreatment group,
with a median age of 64 years (range 21-71) and a
male/female ratio of 2.4. The median total dose of
LD-FRT delivered was 7.2 Gy (range 2.4-11.6);
LD-FRT was combined with TMZ treatment in 59%
of patients and with cisplatin and FTM in 41% of
patients. There were 9 patients enrolled in the naive
group, with a median age of 65 years (range 35-74)
and a male/female ratio of 0.28. They received a
median total dose of LD-FRT of 8 Gy (range 3.2-19.2).

Toxicity

Although the twice-daily fractionation regimen could be
difficult for patients, it was always well accepted.
Patients’ compliance with treatment was 70.5% for the
retreatment group and 88.8% for the naive group. All
toxicity was reversible and no treatment-related deaths
were observed. No late toxicity was observed in patients
who underwent retreatment. The main adverse effects
observed were fatigue grade 2 in 18 patients; alopecia
grade 2 in 22 patients; skin reaction grade 1 in 7 patients;
and headache grade 1 in 3 patients. In the retreatment
group, we observed hematological toxicity (leukopenia)
in 7 out of 17 patients (41.2%, with grades 1-2 in
35.3%, grades 3—4 in 5.9%). In the naive group, 3 out
of 9 patients (33.3%) had acute toxicity (leukopenia
and thrombocytopenia, grades 1-2 in 22.2%, grades
3-41in 11.1%) (Table 2).

Clinical Response

In the retreatment group, 1 patient (5.9%) had a partial
response, 3 patients (17.6%) experienced stable disease
for at least 2 months, and 13 (76.5%) had progressive
disease observed. In the naive group, 3 patients
(33.3%) experienced a partial response, 2 patients
(22.2%) had stable disease for at least 2 months, and
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Table 1. Patient characteristics

Variable Retreatment group (n = 17) Naive group (n = 9) Total (n = 26)
Median age, years (range) 64 (21-71) 65 (35-74) 63 (21-74)
Number of males/females 12/5 2/7 14/12
KPS
100% 0 1 1
90% 5 2 7
80% 9 2 11
70% 3 4 7
RPA class
\Y - 3 3
\Y - 6 6
Type of surgery
Gross total resection 3 3 6
Biopsy 14 6 20
Tumor volume, cc (range) 110 (13.52-372) 41.5 (14.5-368.55) 85.2 (13.52-372)
0.4 Gy + temozolomide, n (%) 10 (58.8) 9 (100) 19 (73)

Table 2. Acute toxicities (according to Common Toxicity Criteria

v.4)
Variable Retreatment  Naive Total
group group (n=26)
(n=17) (n=29)
Leukopenia
Grades 1/2 2 - 2
Grades 3/4 1 1 2
Thrombocytopenia
Grades 1/2 4 2 6
Grades 3/4 - 1 1
Fatigue (grade 2) 13 5 18
Alopecia (grade 2) 15 7 22
Skin reaction (grade 1) 5 2 7
Headache (grade 1) 1 2 3

4 patients (44.4%) were documented with disease
progression.

Survival

For the retreatment group, the median follow-up time
from diagnosis of progression or recurrence was 20
months (range 4-36). The median PFS was 4 months,
with PES of 6 months for 22.1% (Fig. 1A). Median OS
was 8 months, with OS of 6 and 12 months for 69%
and 16.7%, respectively (Fig. 1B). At the time of our
analysis, 3 patients were alive.

For the naive group, the median follow-up time
was 17 months (range 8-20). The median PFS was
9 months, with PFS of 6 months for 66.7% and of
1 year for 26.7% (Fig. 2A). Median OS was
12 months, with OS of 6 months for 77.8% and of
12 months for 34.6% (Fig. 2B). At the time of analysis,
4 patients were alive with disease, while 5 patients had

died.
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Fig. 1. Progression-free survival (A) and overall survival (B) in the
retreatment group

Discussion

Glioblastoma is one of the most resistant brain tumors.>°

Radiation therapy, even with the addition of TMZ, does
not significantly improve the outcome of this disease.
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Fig. 2. Progression-free survival (A) and overall survival (B) in the
naive group.

Alternative fractionation regimens, such as hyperfractio-
nation and accelerated fractionation, failed to amelio-
rate survival rates;’' ™3 therefore, research for new
therapeutic strategies is open.

A novel fractionation regimen is by low-dose radi-
ation; it has been studied in vitro for a variety of
tumor cell lines.’***=%¢ Several studies?>***! have
recently shown a response to low (<1 Gy) radiation
doses with an increased cell kill per unit dose.’”®
Ultrafractionated irradiation at low doses can increase
radiosensitivity  of  radioresistant  glioma  cell
lines.2%2%3157 In fact, Krause?® and Short®! noted an
increased cell kill in radioresistant T98G glioma cell
lines when very low (0.4 Gy) doses were given 3 times
daily, 4 h apart, for 5 or 7 days compared with 1.2 Gy
or 1.68 Gy given once daily for 30 days. The molecular
mechanisms underlying the HRS/increased radioresis-
tance transition are still unclear. Nevertheless, it is well
known that the radiosensitivity of human tumor cells
may be correlated with their different capacities to cor-
rectly repair radiation damage. At higher doses, there
is sufficient damage to trigger or induce radioprotective
mechanisms so that cells show greater radioresistance,
whereas at doses <1 Gy/fraction, DNA repair may
not be induced; thus cells may remain radiosensitive
and lower doses may be more effective than higher
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doses.®*¢! Several authors have recently studied the cor-
relation between low-dose HRS and the cell cycle;®*=¢*
they observed that in rapidly proliferating tissues, ultra-
fractionated irradiation might be relevant because cells
quickly progress into the cell cycle. The first low-dose
fraction may eliminate subpopulations of cells that
failed to undergo early G2-phase checkpoint arrest
(evasion of the G2 checkpoint). During the interfraction
interval, a small number of cells may progress through
the cell cycle; a second fraction may then eliminate this
small subpopulation, resulting in a larger therapeutic
gain in rapidly proliferating tissue. In this context,
Short et al.®>! suggested an ultrafractionated treatment
schema that requires a 4-h interfraction interval in
order to have a cumulative effect on cell survival.
Recently Beauchesne et al.®® published a phase II trial
proving the feasibility and efficacy of the ultrafractiona-
tion radiation regimen in patients with newly diagnosed
inoperable glioblastoma: they compared OS and PFS
with the findings of the European Organisation for
Research and Treatment of Cancer-National Cancer
Institute of Canada trial®® demonstrating ultrafractiona-
tion superiority over radiotherapy alone but not over
radiotherapy and TMZ.

Combined radiochemotherapy strategies that enrich
the G2-phase fraction before radiotherapy have been
developed, showing promising results in experimental
settings. In preclinical studies, LD-FRT has been demon-
strated to enhance the effectiveness of multiple che-
motherapeutic agents, including carboplatin, cisplatin,
docetaxel, etoposide, gemcitabine, and paclitaxel, in a
variety of tumor cell lines.>>**3” Preliminary results of
clinical trials combining chemotherapy with low-dose
radiation have shown recently that this treatment can
be both feasible and effective.’®*” Phase I trials have
indicated that LD-FRT combined with gemcitabine for
pancreatic cancer, concomitant with paclitaxel and car-
boplatin in locally advanced squamous cell carcinoma of
the head and neck or combined with other drugs in
patients with relapse or metastases of epithelial
tumors, demonstrates acceptable toxicity and interesting
response rates.®”

Patients affected by GBM with unfavorable prognos-
tic factors, such as recurrent or progressive disease or
newly diagnosed disease, who were only biopsied or
have gross residual mass after surgery have the worst
survival. In fact, the former have a median survival
ranging from 3 to 6 months, based on the retreatment
option and selection criteria,”**~7" while the latter
(RPA classes V-VI) generally survive from 4.6 to
9.4 months.>®* In these patients, not all therapies may
be indicated. Aggressive treatment, with potential
toxicity, may worsen their quality of life without
prolonging predicted survival.

In patients with recurrence, surgical morbidity and
mortality are 15% and 5%, respectively.”
Reirradiation is complex; it can be used only in selected
cases®” and is known to induce radionecrosis in 22%—
36% of patients.” Concomitant radiochemotherapy,
tested in selected patients, has a mild toxicity profile.”
Schedules of prolonged TMZ administration determine
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a grade 3 or 4 hematological toxicity in up to 24.4% of
patients.”>”? Other chemotherapy agents have been
tested alone or in combined treatments with even a
higher toxicity (grade 3 or 4 hematological toxicity
4.1%-42%).” In newly diagnosed GBM, radiotherapy
plus temozolomide resulted in grade 3 or 4 hematologi-
cal toxicities in 7% of patients.”

To our knowledge, this is the first study using
LD-FRT with concomitant chemotherapy in patients
affected by GBM with unfavorable prognostic factors
(only biopsied or with gross residual tumor, recurrent/
progressive disease, age >70 years, RPA class V-VI).
Since the safety and the tolerance of this new radiation
regimen was unknown, we carried out this study to
assess toxicity and patient compliance.

Of course, there are limitations to our study. We
treated a negatively selected patient population, and
the sample size is relatively small. However, our data
showed good patient compliance (70.5% and 88.8%
for the retreatment and the naive group, respectively)
when LD-FRT was administered concurrently with
TMZ or FTM and cisplatin. An acceptable toxicity
profile was recorded. In the retreatment group, we

observed a very low toxicity profile, with a grade 3 or
4 hematological toxicity of 5.9%, represented mainly
by leukopenia; and neither acute nor late neurological
toxicity was recorded. Response rate and median OS
were similar to published data.” In the naive group, we
observed a transient grade 3 or 4 hematological toxicity
in only 1 patient (11.1%), without acute or late neuro-
logical toxicity. A clinical benefit (partial response +
stable disease lasting more than 9 weeks) was observed
in 55.5% of patients, and the median survival of
12 months was quite satisfying, given the prognosis of
these patients.

These data suggest that LD-FRT combined with
chemotherapy might represent a new well-tolerated
palliative schedule, both for patients with recurrent/
progressive disease and for patients with gross residual
tumors after surgery. Although far from being conclus-
ive, the data are promising and support the develop-
ment of further studies exploring LD-FRT as a
new treatment modality for GBM patients with poor
prognoses.
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