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Abstract. The use of fotemustine (FTM) has been authorized
in certain countries for the treatment of recurrent high-grade
gliomas (HGG) after Stupp therapy. However, to the best of
our knowledge, no studies have assessed changes in magnetic
resonance imaging (MRI) during treatment with FTM
monotherapy. The aim of the present study was to assess the
neuroradiological findings in a cohort of patients with recur-
rent HGG treated with FTM monotherapy. Patients with HGG
already undergoing the Stupp protocol were retrospectively
included. MRIs (pre- and post-FTM treatment) were analyzed
by two neuroradiologists in consensus: Volume and diffusion
values of the contrast-enhanced component were measured
on Tl-weighted volumetric sequences after gadolinium
injection and on apparent diffusion coefficient (ADC) maps,
respectively. A total of 19 patients [median age, 49 years;
interquartile range (IQR), 43-57 years] were included, 17 of
whom had glioblastoma and 2 had astrocytoma isocitrate
dehydrogenase-mutated grade 4. The median duration of
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FTM therapy was 4 months (IQR, 2-6 months). The median
tumor volume measured on the contrast-enhanced compo-
nent was 2,216 mm?® (IQR, 768-13,169 mm?) at baseline and
9,217 mm?® (IQR, 3,455-16,697 mm?) at the end of treatment,
with a median change of +38% (IQR, -45-+574%). A total of
seven patients showed a volume decrease. ADC value analysis
of the enhancement area demonstrated no significant differ-
ence between the pre- and the post-FTM treatment periods
(P=0.36); however, in three patients, the decreases in ADC
levels were particularly marked. In conclusion, the present
study described a series of patients with recurrent HGG treated
with FTM in monotherapy, demonstrating a prevalent increase
in lesion enhancement and three cases of marked restrictions
on diffusion-weighted imaging. Further prospective studies
are required to corroborate such preliminary results.

Introduction

High-grade gliomas (HGG) are the most common malignant
primary brain tumors in adults, with an incidence of ~5/100,000
individuals per year in Europe and North America. Out of all
HGGs, ~70% are glioblastomas (GBM) (1). Malignant primary
brain tumors are responsible for the highest average number of
years of life lost among all cancers, with an average loss of
~20 years (2). After first HGG diagnosis at adjuvant therapy,
the disease within a few months recurs and the survival
remains limited (3).

Standard first-line therapy includes the following: Maximal
surgical resection, followed by adjuvant conformational radio-
therapy with concomitant or adjuvant temozolomide (TMZ)
administration in the case of GBM, and concomitant and/or
exclusively adjuvant chemotherapy for anaplastic astrocytomas
based on the isocitrate dehydrogenase (IDH1) status (4-6).
Despite advances in understanding tumor biology and in the
development of therapeutic regimens, GBM prognosis remains
poor, with an overall survival of 14.6 months (4). Furthermore,
virtually all cases eventually recur. Among prognostic and
predictive factors, the O(6)-methylguanine-DNA methyl-
transferase promoter (MGMTp) enzyme methylation status
has remained the strongest (4). Although MGMTp-methylated
HGGs exhibited a higher response to alkylating drugs than
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unmethylated ones, the tumor often progresses. A strategy to
avoid resistance to alkylating agents needs to be developed and
certain studies have proposed the use of high-dose alkylating
drugs (7), dose dense TMZ (8) or TMZ enhancers (9).

Treatment options for recurrent HGG are limited: As
only a small proportion of patients are suitable candidates for
re-irradiation or further surgery, the most common approach
involves systemic treatment with chemotherapy, immuno-
therapy or antiangiogenic agents (10,11). However, studies
have reported controversial results and a standard of care has
not yet been clearly defined (12). Among the chemotherapy
agents, fotemustine (FTM), a third-generation nitrosurea that
has been studied as a second-line therapy for recurrent HGG,
is currently approved for use in a limited number of coun-
tries (13). It is an alkylating cytotoxic agent characterized by
a phosphoalanine carrier, which facilitates movement through
the blood-brain barrier (14,15).

In patients with HGG, FTM can be administered according
to different schedules. The standard schedule includes an
induction phase dose of 100 mg/m? weekly for 3 consecutive
weeks, followed by a 5-week rest period and a maintenance
phase dose of 100 mg/m? every 3 weeks (16-18). FTM has
also been proposed in combination with other alkylating
drugs or bevacizumab (19). Furthermore, high-dose FTM
has been suggested to overcome MGMT resistance (7). In
2011, Addeo et al (15) proposed a fractionated FTM schedule
including an induction-phase dose of 80 mg/m? every 2 weeks
for 5 consecutive weeks, followed by a 4-week rest period and
a maintenance-phase dose of 80 mg/m? every 4 weeks. The
latter schedule was also proposed for elderly patients and
showed a good level of safety (20).

As there are no standard second-line treatments for
recurrent HGG, an individualized approach involving either
surgery, radiotherapy, systemic therapy or a combination
thereof can be considered, based on different factors, such as
the time interval since the first diagnosis, the location of tumor
recurrence, the clinical performance of the patient and their
previous response to therapy. However, often only supportive
therapy is administered (21,22). Among chemotherapy agents
used as second-line therapies, FTM has been reported to
have a good efficacy and safety profile in patients who have
adequate hematologic function (15).

Despite the number of studies available in the literature
on HGG treated with FTM (15-18), there are no descriptive
radiological studies or studies focusing on the changes in
tumor volume and cellularity on conventional magnetic
resonance imaging (MRI) during FTM therapy, to the best of
our knowledge. Therefore, the aim of the present study was to
describe the neuroradiological changes in a cohort of patients
with recurrent HGG treated with FTM as monotherapy.

Patients and methods

Study population. The present study was a single-center
retrospective observational study that received approval
from the Institutional Ethics Committee of Fondazione
Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS)
Istituto Neurologico ‘Carlo Besta’ (Milan, Italy) (SEURAT
study; approved on May 17, 2023). Consecutive patients
with recurrent HGG who were treated at Fondazione IRCCS

Istituto Neurologico ‘Carlo Besta’ (Milan, Italy) between
September 2017 and April 2020 were enrolled. Patients who
did not satisfy the following inclusion criteria were excluded:
i) Adult patients with recurrent HGG who had received
previous Stupp treatment; ii) patients treated with FTM therapy
as monotherapy; and iii) patients who underwent MRI within
2 weeks of the start of FTM treatment and within 2 weeks
from the end of the treatment. Patients underwent chemo-
therapy with FTM, given intravenously at a dose of 80 mg/m?
every 2 weeks for five consecutive administrations (induction
phase), and then every 4 weeks at 80 mg/m? as maintenance for
a total of five consecutive cycles (15).

Patient evaluation and therapy response. Epidemiological,
clinical and diagnostic (both radiological and histolog-
ical/molecular) data were collected, as well as information on
therapy, recurrence and survival. In particular, the following
clinical data were obtained: date of first surgery, adjuvant
therapy, therapies performed after recurrence (including radio-
therapy and additional other surgeries with corresponding
histological diagnosis), date of start and end of FTM therapy,
reason for FTM interruption and date of death. All patients
described in the present study have died at the time of the
present work.

MRI acquisition. Brain MRI scans were performed using
different scanners, used for clinical practice in our centre
and which routinely undergo quality control according to
international best practice to ensure comparability (detailed
in the Supplementary material): 1.5 T Siemens Avanto Fit
(Siemens AG), 1.5 T Philips Achieva or 3 T Philips Achieva
Dstream (Philips Healthcare). A total of three different
scanners were used because these are the ones that are avail-
able at our centre and that are used indifferently for clinical
practice. As this is a retrospective study, no single scanner
was used for MRI. The acquisition protocol included volu-
metric T1-weighted images (section thickness, 1 mm) before
and after contrast medium administration (gadolinium
chelates at 0.1 mmol/kg); axial or coronal T2-weighted
images; axial, coronal or 3D T2-weighted fluid-attenuated
inversion recovery images (slice thickness, 4 mm; 3
orthogonal directions); and diffusion-weighted images
(DWI); (b=0-1,000 sec/mm?; bicommissural acquisition)
from which apparent diffusion coefficient (ADC) maps were
automatically reconstructed.

Imaging analysis. The contrast-enhancing tumor portions
were segmented by two neuroradiologists with 3 and 7 years
of experience, respectively (APS and FMD), using 3D-T1
images after contrast medium administration. A semi-auto-
matic open-source software, ITK-SNAP software, version
3.6.0 (23), was used for segmentation, with manual correc-
tions of over- and under-segmentation errors. The resulting
segmentations were then processed through the open-source
3D Slicer software (http:/www.slicer.org; version 5.6.1) (24)
in order to extract volumes of contrast-enhancing tumor
(as shown in Fig. 1); the ADC values of contrast-enhancing
tumor were also extracted using the software, by creating
masks on ADC maps corresponding to the segmented tumor
volume.
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Figure 1. Example of tumor segmentation (A and B) on 3-dimensional-T1-weighted magnetic resonance imaging (A) before and (B) after FTM treatment and
(C and D) 3D reconstruction (C) before and (D) after FTM treatment. FTM, fotemustine.

The ADC 10th percentile (ADC'®) was considered for
statistical analysis. In cases of multiple brain localization, all
lesions were segmented. The segmentators were blinded to
both clinical and pathological data and an example of tumor
segmentation is presented in Fig. 1.

Statistical analysis. The variables included in the present
study were analyzed using SPSS version 20 software (IBM
Corp.) and R (version 4.3.1; The R Foundation). Descriptive
statistics were analyzed after checking the normality
of the data distribution using the Kolmogorov-Smirnov
test. Normally distributed data are presented as the

mean + standard deviation, whilst non-normally distributed
data are presented as the median and interquartile range
(IQR). Categorical data are presented as n (%). To assess
any statistical differences in volumes and ADC' values
between FTM pre- and post-treatment MRI, the Wilcoxon
signed-rank test was used, and to evaluate any statistical
differences in volume and ADC'" values in patients with or
without MGMTp methylation, the Mann-Whitney U-test was
used. Kaplan-Meier analysis and the log-rank test were used
to assess the association of survival with MGMTp methyla-
tion status and with IDHI status. Pearson's and Spearman's
correlation tests were used to assess the correlation between
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FTM duration and volume, as well as between FTM dura-
tion and ADC!® variation. P<0.05 was considered to indicate
statistical significance.

Results

Patients' characteristics. A total of 110 consecutive adult
patients with recurrent HGG previously treated according
to the Stupp protocol and FTM between September 2017
and April 2020 were enrolled in the present study. Of these,
91 patients did not undergo MRI within 2 weeks of the start
and the end of FTM treatment and were therefore excluded.
A total of 19 patients were included in the study, of which
12 (63%) were males and 7 (37%) females, with a median
age of 49 years (range, 23-72 years) at the start of FTM
treatment. Clinical, histomolecular and therapy characteris-
tics of the patients are summarized in Table I. In addition,
as comorbidities, high blood pressure (patients 15 and 19),
osteoporosis (patient 7), breast benign nodule (patient 17),
atrio-ventricular-nodal reentrant tachycardia (patient 19)
and anxiety-depressive disorder (patient 19) were reported.
Detailed clinical data for each patient are available in
Table SI.

All patients were treated with FTM as monotherapy;
in particular, anti-angiogenic drugs such as Bevacizumab
were not administered throughout the duration of the study.
Additional FTM schedule information is presented in
Table SII.

All patients underwent =1 surgery prior to FTM, four
patients had two surgeries prior to FTM and two patients had
>2 prior to FTM. A total of 6 patients received cyber-knife
treatment before MRI evaluation, in an average time interval
between the two of 4 months. The reasons for the interrup-
tion of FTM therapy were disease progression in 10 cases
and adverse events in five cases. The four remaining patients
completed the schedule of FTM (Table I).

Pathological examination revealed IDH1-wild-type GBM
[based on the 2021 World Health Organization classifica-
tion for central nervous system tumors (25)] in 17 cases and
IDH-mutated grade 4 astrocytoma in two cases.

Radiological characteristics and treatment response. The
median tumor volume measured on the contrast-enhanced
component was 2.22 cm® at baseline (IQR, 0.77-13.17 cm®)
and 9.27 cm? at the end of treatment (IQR, 3.46-16.70 cm?),
with a median change of +39% (IQR, -46 to +574%) (Table II).
No significant difference in tumor volume was observed
between pre- and post-FTM treatment (P=0.17). A total
of 12 patients showed an increase in tumor volume, whilst
seven patients showed a volume decrease. In particular,
11 patients were classified as having progressive disease (PD)
according to the Response Assessment in Neuro-Oncology
(RANO) criteria for evaluating the second MRI (26), four
as having stable disease (SD) and four as having a partial
response (PR), and thus, the disease control rate (DCR) was
42% (Table II). More detailed radiological data are available
in Table SIII. After FTM treatment, ADC! values of the
lesion were demonstrated to be markedly decreased: The
median ADC' value before treatment was 1.01x10°* mm?/sec
(IQR, 0.88-1.12x10° mm?/sec), whilst after treatment, it was

Table I. Demographic and clinical characteristics of the cohort
(n=19).

A, Demographic and histological characteristics

Parameter Value
Sex

Male 12 (63)

Female 7 (37)
Age at first surgery, years

Median (IQR) 48 (43-57)

Range 23-71
Histology

Grade 4 astrocytoma, IDH-mut 2 (11)

GBM 17 (89)
IDH status

Mutated 2(11)

Wild-type 17 (89)
MGMTp status

Methylated 10 (53)

Unmethylated 5(26)

Unknown 4 (21)
B, Treatment-related characteristics
Parameter Value
Age at the start of FTM therapy, years

Median (IQR) 49 (45-60)

Range 23-72
Duration of FTM therapy, months

Median (IQR) 4 (2-6)

Range 1-8
Reason for FTM therapy interruption

PD 9 (47)

AE 4 (21)

PD+AE 1(5)

Therapy change due to no peripheral 1(5)

venous access

NA 4 (21)
Other treatments

Further surgeries 4 (21)

CK 4 (21)

Further surgeries + CK 2(11)

None 9 (47)

Values are expressed as n (%) unless otherwise indicated. IQR, interquar-
tile range; GBM, glioblastoma; CK, cyber-knife; FTM, fotemustine;
IDH, isocitrate dehydrogenase; MGMTp met, O°-methylguanine-DNA
methyltransferase promoter methylation; PD, progressive disease; AE,
adverse event; NA, not applicable (indicating the case completed the
FTM schedule as planned according to the Addeo schedule).

0.93x10* mm?*sec (IQR,0.73-1.11x10~* mm?*/sec), with amedian
change of -0.2% (IQR, -11 to +19%) (Table II). No significant
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Parameter

Value

CET volume at the start of FTM therapy?, cm?
CET volume at the end of FTM therapy?, cm?
Difference in volume before and after FTM therapy, %
ADC" at the start of FTM therapy®, x10°> mm?/sec
ADC'" at the end of FTM therapy®, x10* mm?/sec
Difference in ADC' before and after FTM therapy, %
Survival from diagnosis, months
Survival from start of FTM therapy, months
Treatment response according to RANO criteria

PD

SD

PR

2.22 (0.77-13.17), [0-30.38]
9.27 (3.46-16.70), [0.30-85.76]
+39 (-46 -+574), [-87 - +12347]

1.008 (0.882-1.121), [0.036-1.276]
0.989 (0.874-1.174), [0.264-1.412]
02 (-11 - +19), [-31 - +1843]
24 (20-50), [11-72]

10 (5-14), [4-48]

11 (58)
4 (21)
4 (21)

*Difference in CET volume before and after FTM therapy was not statistically significant (P=0.17, Wilcoxon signed-rank test). "Difference
in ADC' before and after FTM therapy was not statistically significant (P=0.36, Wilcoxon signed-rank test). Values are expressed as the
median (IQR), [range] or n (%). IQR, interquartile range; FTM, fotemustine; ADC', 10th percentile of apparent diffusion coefficient; CET,
contrast-enhancing tumors; vol, volume; RANO, Response Assessment in Neuro-Oncology (23); PD, progressive disease; SD, stable disease;

PR, partial response.

Figure 2. Representative patients of the cohort with marked diffusion restriction. (A-D) Patient 9: Post-contrast TI-WI MRI (A) before and (B) after FTM
treatment; DWI b1000 maps (C) before and (D) after FTM treatment. (E-H) Patient 15: Post-contrast TI-WI MRI (E) before and (F) after FTM treatment;
DWI b1000 maps (G) before and (H) after FTM treatment. (I-L) patient 16: Post-contrast T1-WI MRI (I) before and (J) after FTM treatment; DWI b1000
maps (K) before and (L) after FTM treatment. T1-WI MRI, T1-weighted magnetic resonance imaging; DWI, diffusion-weighted imaging; FTM, fotemustine.

difference was demonstrated for ADC'" difference before and
after FTM treatment (P=0.36). Furthermore, the change in
volume and ADC'" did not significantly correlate with FTM
therapy duration (P=0.52, r=-0.169 and P=0.57, r=-0.139
respectively; Figs. S1 and S2), nor with survival (P=0.44,
r=-0.199 and P=0.45, r=-0.183, respectively; Figs. S3 and S4).
Of note, for certain patients (patients 9, 15 and 16), the ADC'°
decrease was particularly marked (Fig. 2), especially in certain
parts of the lesion. Representative MRI images of other patients
without significant diffusion restriction are provided in Fig. 3.

Information on the MGMTp methylation status was avail-
able for 15/19 patients: a total of 10 patients had a methylated
MGMTp, whilst 5 patients had an unmethylated MGMTp. No
significant correlation was demonstrated between the change
in volume or ADC' and the MGMT methylation status

(P=0.62 and P=0.51, respectively). In addition, patients with a
methylated MGMTp exhibited a DCR of 40% (PD, n=6; SD,
n=2; and PR, n=2), and those with an unmethylated MGMTp
also demonstrated a DCR of 40% (PD, n=3; SD, n=2; and PR,
n=0) (Table SIV). Furthermore, in the cohort of the present
study, MGMTp methylation status as well as IDH status was
not significantly associated with overall survival (P>0.05;
Figs. S5 and S6). Furthermore, the duration of FTM therapy
was significantly correlated with survival (P=0.002, r=0.669;
Fig. S7).

Discussion

FTM is an alkylating drug, which links guanine, inducing
the inhibition of DNA synthesis, cell cycle arrest and finally


https://www.spandidos-publications.com/10.3892/ol.2024.14703

6 SAVOLDI et al: DIFFUSION MRI IN rHGG TREATED WITH FTM

Figure 3. Patients of the cohort without marked diffusion restriction. (A-D) Patient 2: Post-contrast T1-WI MRI (A) before and (B) after FTM treatment; DWI
b1000 maps (C) before and (D) after FTM treatment. (E-H) Patient 7: Post-contrast T1-WI MRI (E) before and (F) after FTM treatment; DWI b1000 maps
(G) before and (H) after FTM treatment. (I-L) Patient 14: Post-contrast T1-WI MRI (I) before and (J) after FTM treatment; DWI b1000 maps (K) before and
(L) after FTM treatment. T1-WI MRI, T1-weighted magnetic resonance imaging; DWI, diffusion-weighted imaging; FTM, fotemustine.

apoptosis. FTM has been used in the treatment of metastatic
melanoma, hematological malignancies and brain tumors, due
to its pharmacokinetic properties, such as the ability to cross
the blood-brain-barrier (15,27).

Among the possible treatment alternatives for recurrent
HGG, the use of FTM as a single agent in recurrent GBM has
been assessed in different studies, including phase I/phase 11
trials (28). Previous phase II trials have reported that FTM
has an activity comparable with other available therapeutic
options (29), with 6-month progression-free survival ranging
between 30-52%, a median overall survival of 5-10 months, as
well as a relatively safe toxicity profile (2,17,28,29). Indeed, the
median overall survival of the cohort in the present study after
starting FTM therapy was 10 months, in line with results from
the literature (2,17,30,31). FTM therapy duration was revealed
to be positively associated with longer survival (20), and this
could be at least partly explained by the bias that disease
progression was one of the reasons for therapy suspension.

Several studies focusing on the evaluation of the
clinical feasibility and effectiveness of second-line FTM
for the treatment of recurrent GBM have reported radio-
logical response rates during and after therapy. A study by
Scoccianti et al (31), which enrolled 27 patients, reported
that 29.6% had PR and 18.5% had SD, with a DCR of 48.1%.
A previous study by Fabrini ef al (17) including 50 patients
reported CR in 2% of cases, PR in 16%, SD in 44% and PD in
38% after FTM induction, with a DCR of 62%. Another study
by De Felice et al (18) comprising 15 patients with recurrent
GBM reported no CR, PR in 26% and SD in 33% after FTM
induction, with a DCR of 60%, while Prelaj et al (30) assessed
40 patients with recurrent GBM treated with fractioned FTM
therapy and reported that 13% had PR and 47% had SD,
with a DCR of 60%. However, none of the above-mentioned
studies addressed the change in tumoral volume and ADC
values, neither did the study by Lombardi et al (19), which
provided a review of FTM treatment in recurrent HGG,
and the case report by Gallo et al (7), which analysed the
case of a patient with a MGMT-unmethylated GBM which
responded to high-dose FTM therapy. In particular, to the
best of our knowledge, no study has performed a quantitative

analysis of the changes in tumor volume and in ADC values
on conventional brain MRI before and after monotherapy
with FTM. In the present study, ADC'" values in brain MRI
were determined using different MRI machines, based on
the consistency of the values across different MRI machines
when standardized imaging protocols were applied. In our
center, care is taken to perform standardization of protocols,
calibration and application of quality control measures,
which contribute to minimizing variability. While minor
differences may exist, ADC' values are reliable for clinical
and research purposes, facilitating meaningful comparisons
within and across MRI machines and institutions (32).

In the present study, the volumetric change of the
contrast-enhancing part of the lesions was analyzed and
a median increase in volume of +39% after treatment was
determined. However, our results were heterogeneous and no
statistically significant difference in volume before and after
treatment was found. Furthermore, the volume change was
not correlated with survival after initiating FTM therapy nor
with the duration of FTM therapy. This latter point may be
influenced by the fact that FTM treatment was suspended in
numerous cases for several reasons, most commonly due to
disease progression (n==8) and for adverse effects (n=4).

In addition, all patients included in the present study
underwent at least one surgery, after which they were referred
to our hospital for tumor recurrence and were then treated with
FTM with no further surgery in this time period. Therefore,
tissue loss due to surgery occurred several weeks before the
timepoints considered in the study and was already present at
baseline, thus it should not be regarded as a possible bias in the
present analysis.

Furthermore, a fixed time-point may have been necessary
to assess the effect of the chemotherapeutic drug FTM, but the
retrospective nature of the study and the great inhomogeneity
of the resonance time-points collected did not allow for homog-
enization. In the retrospective cohort of the present study, FTM
was administered as a third-line chemotherapy to patients who
had already undergone multiple rounds of treatment, including
chemotherapy and radiotherapy. Treatment cessation is often
prompted by tumor progression or the emergence of side effects.
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Most patients analyzed (91 out of 110) did not undergo imaging
at the time of treatment cessation, and were thus not included.
To obtain a timely understanding of the tumor's status in relation
to chemotherapy, only patients who received FTM treatment and
underwent a concurrent MRI scan were included in the present
analysis. This selection aimed to provide a direct assessment of
the tumor's response to chemotherapy at the time of treatment
cessation. Furthermore, in the cohort of the present study, ADC'
values decreased after therapy but without a statistically signifi-
cant difference. However, it was demonstrated that three patients
showed areas with marked restricted diffusion after therapy. DWI
refers to a routinely used sequence widely known for its role in
the evaluation of stroke. However, together with the derived ADC
maps, it has shown value in the evaluation of brain tumors due to
its relationship with tumor cellularity (32). Lower ADC values
have been reported in higher-grade gliomas compared with those
in lower-grade gliomas and lower ADC values have been reported
to have a poorer prognosis independent of tumor grade (33).
Furthermore, a decrease in ADC values has been previously
demonstrated after second-line chemotherapy with anti-angio-
genic agents in pediatric low-grade gliomas (decrease of median
ADC values by 14%) (34). In adult patients with recurrent HGG
treated with anti-angiogenic therapy, a decrease in ADC values
after treatment was reported to be predictive of a shorter overall
survival (35) and a poorer outcome (36). Compared with these
studies, the three patients in the present study showed a marked
ADC'" reduction (range, 0.76-0.93x10° mm?/sec), lower than the
values described in the aforementioned studies. Furthermore,
Pope et al (36) reported ADC' values of ~1.2x10° mm?*/sec.
Indeed, the values obtained in the present study were much lower
than the usual ADC values associated with tumor hypercellu-
larity and they were more in agreement with areas of ischemic
changes (4,37,38). It may be hypothesized that this could be in
relation to a particular chemotoxic mechanism induced by FTM.
Of note, these three patients showed early progression of disease
and FTM was suspended after 1 month.

The correlation between MGMTp methylation status and
radiological changes during FTM therapy was also assessed.
The MGMT gene encodes for a DNA enzyme able to reverse
alkylation at the O6 position of guanine, which is one of the
targets of TMZ and nitrosureas (4). It is known that MGMT over-
expression can confer resistance to TMZ, whilst methylation of
this gene is associated with an improved response to TMZ (39).
Certain studies have hypothesized that the same may also be the
case for FTM: Fabi et al (40) analyzed 19 patients with known
MGMT methylation status and reported a DCR of 66.5% in
patients with MGMT methylation, whilst all patients with an
unmethylated MGMTp had progressive disease. However, they
did not find a significant difference. Furthermore, Gallo et al (7)
published a report on a case in which a patient with recurrent
GBM with an unmethylated MGMTp was successfully treated
with a high-dose FTM regimen to overcome resistance.

In the cohort of the present study, there was no significant
difference in terms of overall survival, volume or ADC' values
between MGMTp-methylated and -unmethylated tumors. The
results, combined with that from the study by Fabi et al (40),
support the absence of a correlation between MGMTp methyla-
tion and the efficacy of FTM, although both cohorts are limited
in terms of the number of patients. Further studies are needed to
support the use of FTM in MGMTp-unmethylated GBM.
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Of note, the present study has certain limitations. First, the
small sample size hinders the generalizability of the present find-
ings and may have led to reduced statistical power of the study;
however, since FTM is used only in a small number of countries
in the world and the number of studies on its radiological effects
is therefore limited, the present study may be of value despite
its limitations for clinicians performing radiological follow-up
in patients with similar characteristics as those of the present
cohort. Studies with larger sample sizes are however needed.

Due to the retrospective nature of the study, besides the
first MRI, which was performed within 2 weeks from the start
of FTM, further follow-up MRIs were not performed at a stan-
dardized time. Therefore, different time-points were available
for different patients, and in most cases, only one follow-up
MRI was available. The lack of additional early follow-up
MRIs at a fixed timepoint for all patients limited the present
analysis, e.g. it was not possible to investigate the role of ADC
value reduction as an early marker of progression. This may be
the subject of further studies. Finally, only conventional MRI
with DWI could be used, since advanced sequences such as
perfusion MRI were not available in all cases.

In conclusion, the present study was the first to specifically
address the radiological evolution besides the most traditional
bidimensional sizes used according to the RANO criteria (26)
in patients with recurrent HGG treated with FTM. In the
small cohort of patients with recurrent HGGs, radiological
progression was demonstrated as a dimensional increase in
post-contrast enhancements. Furthermore, in certain patients,
amarked restriction of diffusivity was also described; however,
it was not related to the duration of therapy.
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