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Objective: In amino acid positron emission tomography
brain tumour imaging, tumour-to-background uptake
parameters are often used for treatment monitoring. We
studied the effects of patients’ characteristics and anti-
cancer treatments on '®F-fluoro-I-phenylalanine uptake
of normal brain and tumour lesions, with particular
emphasis on temozolomide (TMZ) chemotherapy.
Methods: 155 studies from 120 patients with glioma were
analysed. Average uptake of normal background (stand-
ardized uptake value, SUVbckgr) and basal ganglia
(SUVbg), as well as tumour-to-brain ratios (TBR) were
compared between positron emission tomography/CT
studies acquired before (Group A, n = 48), after (Group
B, n = 50) or during (Group C, n = 57) TMZ treatment,
using analysis of variance.

Results: Overall, mean SUVbckgr and mean SUVbg were
1.06 + 0.26and 212 * 0.47, respectively. Female had
significantly higher SUVbckgr (p = 0.002) and SUVbg
(p = 0.012) than male patients. Age showed a positive

INTRODUCTION

Positron emission tomography (PET) with radiolabelled
amino acids has become an important diagnostic tool in
brain tumour imaging, and recent joint recommendations
of the Response Assessment in Neuro-Oncology working
group and the European Association of Neuro-Oncology
advice its use in the management of gliomas in addition
to MRL! Compelling evidence suggests that amino acid
PET outperforms standard MRI, particularly in the defini-
tion of the true tumour extent in the post-therapy setting,
competing with advanced MRI techniques in the differ-
ential diagnosis between treatment-induced changes and
tumour progression.>

correlation with SUVbg (p = 0.001). In the overall cohort,
there were significant effects of TMZ on SUVbckgr (p =
0.0237) and TBR (p = 0.0138). In particular, SUVbckgr
was lower in Group C than in Group B (1.00 + 0.25 vs
114 £ 0.31, p = 0.0173). Significant variations of SUVbckr
could be observed in female only. TBR was significantly
higher in Group C than in Group B (2.37 £ 0.54 vs 2.06
+ 0.38, p = 0.010). Variations of SUVbg between groups
slightly missed significance (p = 0.0504).

Conclusion: Temozolomide chemotherapy and patients’
characteristics, including gender and age, affect physio-
logical ['®F]-fluoro-I-phenylalanine uptake and, conse-
quently, the calculation of TBRs.

Advances in knowledge: For the first time, the effects
of past or concurrent temozolomide chemotherapy on
brain physiological amino acid uptake have been inves-
tigated. Such effects are relevant and should be taken
into account when evaluating tumour-to-background
ratios.

The cellular uptake mechanisms of the most widely adopted
amino acid PET tracers, namely ''C-methyl-L-methionine
(MET), O—(2—[ISF]ﬂuoroethyl)—L—tyrosine (FET) and 3,4-
dihydroxy—6—[ISF]—ﬂuoro-L—phenylalanine ('8E-DOPA),
are based on the increased expression of Na'-independent
large neutral amino acid transporters on tumour cells.*™
This mechanism is highly efficient, leading to favourable
tumour-to-background uptake ratios, and does not depend
on blood brain barrier (BBB) permeability. In fact, preclin-
ical experimental studies have demonstrated that amino
acid tumour uptake is not directly influenced by therapies
reducing BBB permeability, such as steroids or bevaci-
zumab.”®
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The evaluation of amino acid PET images of brain tumours and,
more specifically, the assessment of early response to therapy, is
often based on tumour uptake parameters relative to background
radioactivity of normal appearing contralateral hemispheres or
cerebellum.”™!! In the case of PET with 'F-DOPA, physiological
basal ganglia uptake represents an additional common reference
for image interpretation and semi-quantitative evaluation, owing
to the tracer metabolism by the aromatic amino acid decarboxy-
lase in dopaminergic neurons.'*™*

If concurrent medications have so far shown little influence on
tumour uptake parameters,”® yet this might not hold true for the
uptake of normal structures, such as disease-free brain paren-
chyma or basal ganglia, with potential consequent impact on
image interpretation and semi-quantitative evaluation. Changes
of background amino acid uptake consequent to steroid treatment
have already been observed in animal models of brain tumours."®
Furthermore, patient age and gender have known effects on phys-
iological striatal uptake of '*F-DOPA," ™ but their influence on
the evaluation of patients with brain tumours has been not been
assessed so far. A recently published study showed female gender
and high body mass index to be associated with increased cerebral
FET uptake, though the impact of such patients” characteristics on
tumour uptake was not specifically addressed.?”

The primary objective of the present study was to investigate
possible effects of patient characteristics and treatment history
on the physiological uptake of "*F-DOPA, with a special focus on
the oral alkylating agent Temozolomide (TMZ), the mainstream
chemotherapy treatment of gliomas. Secondarily, the effects on
tumour-to-normal brain ratio (TBR) were also assessed.

METHODS AND MATERIALS

Patients

A total of 187 consecutive '*F-DOPA PET/CT studies from 144
patients with primary brain tumours acquired at Sant'Andrea
Hospital of Rome, Italy between May 2010 and February 2017

Table 1. Histological classification of the overall cohort
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were retrospectively evaluated. After the exclusion of patients
with non-glial primary brain tumours (n = 26) or with incom-
plete clinical data (n = 6), a data set of 155 studies from 120
patients with newly diagnosed or recurrent glioma were entered
into the final analysis. According to our clinical protocols, '*F-
DOPA PET is generally used for tumour target delineation,
for the assessment of response to treatments [chemotherapy
and/or radiation therapy (RT)] and for differential diagnosis
between treatment-related changes and progression. Diagnoses
were defined according to World Health Organization (WHO)
classification 2007.*! Overall, there were 104 high-grade and
51 low-grade gliomas. Eight patients with histologically unver-
ified tumours were classified as low-grade or high-grade gliomas
based on clinical history and radiological findings. Five patients
with a long history of a brain stem or thalamic lesion that did not
show contrast enhancement at MRI were diagnosed as low-grade
glioma. For the remaining three patients, a diagnosis of high-
grade glioma was presumed based on the presence of a mass
with marked enhancement after contrast administration and
large necrotic areas at MRI. In two of them who received subse-
quent surgery, the diagnosis of glioblastoma was histologically
confirmed after PET/CT examination. Tumour histologies are
detailed in Table 1. None of the patients had history of Parkin-
son’s or Parkinson-like diseases.

Treatments

Four (2.5%) PET/CT studies were acquired before any treatment
or invasive diagnostic procedure was undertaken. The remaining
151 (97.5%) PET/CT studies were acquired after patients had
received previous treatments, including surgery, RT and TMZ
chemotherapy given alone or in combination. In general, patients
with high-grade gliomas received RT at a total dose of 59.4-60
Gy in 30-33 fractions of 1.8-2.0 Gy given concomitantly to TMZ
(75 mg m™? daily), followed by adjuvant TMZ (150-200 mg m*
for 5 days every 28 days) up to 12 cycles. Patients with low-grade
gliomas received RT (54 Gy in 30 fractions of 1.8 Gy) followed or
not by adjuvant TMZ.

Tumour histology N° patients (%) N° studies (%)
Low grade (WHO Grade II)
Astrocytoma 12 (10%) 16 (10.3%)
Oligodendroglioma 20 (16.7%) 26 (16.8%)
Oligoastrocytoma 2 (1.7%) 4 (2.6%)
Histologically unverified” 5 (4.2%) 5(3.2%)

High grade (WHO Grade I11/IV)

Astrocytoma 25 (20.8%) 35 (22.5%)
Oligodendroglioma 12 (10%) 16 (10.3%)
Oligoastrocytoma 4(3.3%) 5(3.2%)
Glioblastoma 37 (30.8%) 45 (29%)
Histologically unverified” 3(2.5%) 3 (1.9%)
Total 155

WHO, World Health Organization.

Note: ?Histologically unverified tumours were classified as low- or high-grade based on clinical history and radiological appearance at MRI.
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107 (69%) studies were acquired in previously irradiated patients;
in the remaining 48 (31%) cases, patients had not received prior
RT. None of the patients has previously received antiangiogenic
treatment. At the time of PET/CT, only eight (5.1%) patients were
assuming low-dose steroids (Dexamethasone 1-4 mg/daily).

"8F-DOPA PET protocol and image analysis

A 20-min static image of the brain was acquired on a Philips
Gemini PET/CT Camera (Philips Medical Systems, the Nether-
lands) starting 15 + 5 min after intravenous injection of 185 MBq
(£10%) of '*F-DOPA. Patients were required to fast for at least 6
h before the scan and no carbidopa premedication was given. A
low-protein diet was not requested before the study. A low-dose
CT scan (120 kV, 60 mA) without contrast-enhancement was
acquired for attenuation correction. Images were reconstructed
using a three-dimensional RAMLA algorithm on a 128 x 128
matrix and a square field of view of 256 mm side, yielding a final

voxel of 8 mm®.

Image data analysis was performed on a Hermes workstation
(Hermes Medical Solutions, Stockholm, Sweden). Physiolog-
ical "®F-DOPA uptake parameters were calculated in the normal
appearing brain tissue and in the basal ganglia. In order to
obtain the average background uptake (standardized uptake
value, SUVbckgr), a large hemispheric ROI including both grey
and white matter was drawn contralaterally to the lesion, on a
plane above the lateral ventricles. SUVmean of the basal ganglia
(SUVbg) was obtained using a threshold-based volume of interest
(VOI) semi-automatic segmentation tool. For this purpose, a
threshold of 2.0 over the background activity was used; when
needed, VOIs were manually adjusted by two experienced oper-
ators in consensus (LC and MM). In case of bilateral tumours,
SUVbckgr and SUVbg were calculated by averaging the uptake
values obtained in both hemispheres and basal ganglia, respec-
tively. There were no cases of tumours infiltrating supraventric-
ular portions of frontoparietal lobes, bilaterally.

In PET-positive studies (n = 99), tumour volumes were contoured
semi-automatically by taking a threshold value of 1.6 over the
background uptake as a reference.”” However, such a threshold
did not allow a precise delineation of the tumour extent in all
cases. In most cases, tumour delineation was visually considered
adequate after changing the threshold in the range 1.4-2. Further
adjustment was required in case of signal interference between
tumour and basal ganglia. Patterns of interference between phys-
iological basal ganglia uptake and tumour delineation were clas-
sified into Pattern A and Pattern B, as previously described.”” In
particular, Pattern A was defined as tumour signal touching but

Table 2. Characteristics of the patient cohort
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not infiltrating the striatum; Pattern B was defined as tumour
displacing and infiltrating the basal ganglia, preventing a clear
distinction between the two. Manual adjustment of the VOI
was sufficient in case of 15 (15.1%) studies showing Pattern A
signal interference. In contrast, in case of 13 (13.1%) studies with
Pattern B interference, the most recent MRI was co-registered
to the PET/CT scan and used as a reference for contouring the
striatum.

TBR was defined as the mean SUV calculated within the tumour
VOI, divided by SUVbckgr.

Statistical analysis

For statistical analysis, PET/CT studies were divided into the
following three groups (referred as “study groups” all throughout
the manuscript) according to chemotherapy treatment history:
(i) no prior TMZ treatment (Group A, n = 48), (ii) TMZ treat-
ment concluded >1 month before PET/CT (Group B, n = 50)
and (iii) ongoing TMZ treatment (Group C, n = 57) (Table 2).
Comparison of analysed variables between groups was made by
analysis of variance (ANOVA), with Turkey’s test for multiple
comparisons (GraphPad Prism 7.03).

In addition, analyses of covariance (ANCOVA) were performed
to investigate the strength of the association between SUVb-
ckgr, SUVbg and TBR (dependent variables), the chemotherapy
history (variable of interest) and the covariates age, gender
and patient weight (IBM SPSS Statistics for Windows, v. 22.0.
Armonk, NY: IBM Corp). Tumour volume, SUVmax and WHO
grade were entered as additional covariates in the ANCOVA for
TBR. Two-tailed Student’s ¢-test and x° test were used to compare
parameter means and frequency distributions, respectively. Pear-
son’s r was used for correlation analysis. Probability values of less
than 0.05 were considered significant. For all analyses in this
study, paired imaging data from the same patient were consid-
ered as unpaired and were entered as single entities.

RESULTS

In the overall cohort, mean SUVbckgr and mean SUVbg were
1.06 £ 0.26 and 2.12 + 0.47, respectively. Female had significantly
higher SUVbckr and SUVbg than male patients (SUVbckr =
1.14+0.30 vs 1.01 +0.21, p =0.002; SUVbg = 2.23 £ 0.52 vs 2.04
+ 0.41, p = 0.012, Student’s t-test). Mean age was 50 + 13 years
at the time of PET/CT scan. Age did not correlate with SUVb-
ckgr (Pearson’s r = 0.063, p = 0.435) but showed a significant
positive correlation with SUVbg (Pearson’s r = 0.258, p = 0.001)
(Figure 1a). Average patient weight, which may have an effect

Chemotherapy Radiotherapy
Tumour grade
Group A Group B Group C Y N
Low-grade 27 11 13 21 30
High-grade 21 39 44 86 18
Total 48 50 57 107 48

Note. Previous chemotherapy and radiotherapy treatments. Data are reported based on single studies, not on patients.
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Figure 1. Correlation of patients’ age and weight with physiological "®F-DOPA uptake. (a) Scatter plot of SUVbckgr (black dots)
and SUVbg (green squares) data against patients’ age. There was a significant correlation between age and SUVbg (Pearson’s
r =0.258, p = 0.001) while no significant correlation was found between age and SUVbckgr (Pearson’s r = 0.063, p = 0.435). (b)
Scatter plot of SUVbckgr (black dots) and SUVbg (green squares) data showing no significant correlation with patients’ weight
(Pearson’s r = —0.059, p = 0.464 and Pearson’s r = 0.006, p = 0.935 for SUVbckgr and SUVbg, respectively). ®F-DOPA, '8F-

fluoro-lI-phenylalanine; SUV, standardized uptake value.
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on SUV calculations,” was significantly higher in male than in

female patients (81.7 £ 13.1 vs 67.6 + 13 kg, p <0.0001, Student’s
t-test). However, in the overall cohort, no significant correlation
was found between weight and SUVbckgr (Pearson’s r = —0.059,
p = 0.464) or SUVbg (Pearson’s r = 0.006, p = 0.935) (Figure 1b).

Appreciable tumour uptake was observed in 99 studies (Group
A: n =28; Group B: n = 30; Group C: n = 41), whereas 56 studies
were PET-negative. TBR were significantly higher in GBMs than
in Grade III or in Grade II gliomas (2.40 + 0.43, 2.15 + 0.43, 2.11
+ 0.44 in GBM, Grade III and Grade II gliomas, respectively, p
=0.0177, ANOVA). In contrast, SUVmax and tumour volumes
were not significantly different across various tumour grades (p
= 0.3436 and p = 0.6927, respectively, ANOVA). There were no
significant differences in tumour uptake between astrocytomas
and oligodendrogliomas, either Grade III or Grade II tumours
(all p > 0.5, Student’s t-test).

Analysis of semi-quantitative normal brain
parameters: SUVbckr and SUVbg

Results of semi-quantitative '*F-DOPA PET/CT analysis in the
overall population and in different study groups are summarized
in Table 3. Gender and weight differences were not significant
between the three study groups (p = 0.2827 and 0.0743, x* test
and ANOVA, respectively), while a significant heterogeneity of
age was observed (p = 0.0059, ANOVA).

SUVbckgr was significantly different between groups (p =
0.0237, ANOVA). In particular, SUVbckgr was lower in patients
with ongoing TMZ treatment (Group C) than in patients who
concluded TMZ treatment >1 month before PET/CT (Group B)
(1.00 £ 0.25 vs 1.14 + 0.31, p = 0.0173, Turkey’s test) (Figure 2a).
Interestingly, variations of SUVbckgr between groups mostly
reflected the influence of TMZ treatment on female subjects. In
fact, in female patients, SUVbckgr was significantly higher in
Group B than in Group C (1.23 £ 0.34 vs 1.02 + 0.30, p = 0.041,
Turkey’s test) (Table 3 and Figure 2c); in contrast, normal brain

5_
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™ N
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metabolism of male patients did not significantly change with
TMZ treatment (Table 3 and Figure 2d).

In the ANCOVA model, only the gender retained a significant
effect on SUVbckgr, whereas the effect of chemotherapy slightly
missed the significance level (Gender: F = 9.375, p = 0.003;
chemotherapy history: F = 2.759, p = 0.067; Age: F = 0.919, p =
0.339; Weight: F = 1.034, p = 0.311). In the subgroup of female
patients, chemotherapy history retained a significant effect on
SUVbckgr after co-varying for age and weight (F = 3.439, p =
0.038).

Differences of SUVbg between groups slightly missed the signif-
icance level (p = 0.0504, ANOVA). Group B showed a trend for
higher SUVbg values compared with other groups (p = 0.075 and
p =0.09 for A vs Band B vs C, respectively, Turkey’s test)
(Table 3 and Figure 2b). Similarly to what observed for SUVb-
ckgr, an apparent effect of chemotherapy on SUVbg was shown
in female only, albeit none of the differences between groups
reached statistical significance (Table 3, full results of multiple
comparisons not shown). In the ANCOVA model, age and
gender proved to be significant predictors of SUVbg (Gender: F
= 11.004, p = 0.001; chemotherapy history: F = 1.065, p = 0.347;
Age: F = 11.649, p = 0.001; Weight: F = 2.659, p = 0.105).

Previous treatment with stereotactic radiotherapy had no effect
on normal brain uptake parameters. In particular, average
SUVbckgr and SUVbg were 1.06 + 0.28 and 2.16 + 0.5 in patients
with prior radiotherapy vs 1.07 £ 0.21 and 2.05 + 0.5 in patients
without prior radiotherapy, respectively (p = 0.86 and p = 0.19 for
SUVbckgr and SUVbg, respectively, Student’s ¢-test).

Analysis of tumour uptake parameters: TBR

TBRs were significantly different between the groups (p =
0.0138, ANOVA). In particular, Group C had higher TBR values
than Group B (2.37 + 0.54 vs 2.06 = 0.38, p = 0.010, Turkey’s
test) (Table 3 and Figure 3a). In contrast, SUVmax did not
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Table 3. Summary of the results of semiquantitative '®F-DOPA PET/CT analysis in the overall population and in different study

groups
Temozolomide chemotherapy
Variables
Overall cohort Group A Group B Group C p-values
Age (years) 50+13 45+13 54+12 50+13 0.0059“
Gender (F/M) 69/86 22/26 26/24 21/36 0.2827
Weight (kg) 75.5+ 14.8 72.1+£12.9 75 +15.47 78.7 £15.24 0.0743
SUVbckgr 1.06 + 0.26 1.06 £ 0.21 1.14 £ 0.31 1.00 £ 0.25 0.0237°
Female 1.14 £ 0.30 1.14 £ 0.20 1.23 £0.34 1.02 £ 0.30 0.0539
Male 1.01 +£0.21 1.00 £ 0.19 1.04 £ 0.23 0.99 £ 0.20 0.6635
SUVbg 2.12+£0.47 2.06 +£0.39 2.26 £0.57 2.07 £0.43 0.0504
Female 2.23+£0.52 2.14 +£0.36 242 +0.61 2.08 £0.49 0.0552
Male 2.04 £0.41 1.97 £ 0.40 2.08 +0.46 2.06 +£0.38 0.5995
PET result (+/-) 99/56 28/20 30/20 41/16 0.2771
Tumour volume (cm?) 8.42 +11.29 13.15+15.26 5.68 +6.37 7.19 £ 10.16 0.0263°
SUVmax 331+1.14 3.63+1.23 3.35+1.20 3.07 £ 1.00 0.1305
TBR 2.22+0.45 2.18 £0.30 2.06 +£0.38 2.37 £0.54 0.0138°
Female 2.20 £ 0.55 2.25+0.35 1.99 +£0.44 2.39 £0.68 0.0992
Male 2.23+0.36 2.13+0.26 2.14+0.26 2.36+0.42 0.0703

18F-DOPA, 18F-fluoro-I-phenylalanine; PET, positron emission tomography; SUV, standardized uptake value; TBR, tumour-to-brain ratios.
Note. If not indicated otherwise, data are reported as mean * standard deviation. Comparisons between groups were obtained by analysis of
variance or x2 test, when appropriate. ®indicates that differences between groups reached statistical significance.

significantly differ between the three study groups (p = 0.1305,
ANOVA) (Table 3 and Figure 3c). Figure 3b shows significant
variations of TBR according to chemotherapy history in the most
numerous subgroup (n = 37 studies) of WHO Grade III tumours
(TBR=2.29+0.32,1.86 £ 0.23 and 2.34 £ 0.57 in Group A, Band
C, respectively p = 0.0077, ANOVA). In the ANCOVA model,
chemotherapy history retained its statistical significance in
predicting TBR after co-varying for age, gender weight, SUVmax,
tumour volume and WHO grade (F =7.328, p = 0.001). An illus-
trative patient case is shown in Figure 4.

DISCUSSION

Amino acid PET is increasingly used in the work-up of primary
and secondary brain tumours, as it showed several advantages
over standard MRI and advanced MRI techniques. Most of
the convenience lies in the better ability of amino acid PET to
discriminate between recurrent tumour and treatment-induced
changes.'™ In this setting, measures of tumour uptake relative
to that of normal structures have often been successfully used
to define the presence of disease and tumour extent.” > Quan-
titative estimations of tumour volume changes have shown
to reliably stratify responses to a given treatment or to predict
outcome.”’ '"'* We speculated that the heterogeneity of patients’
characteristics, or specific anticancer treatments might signifi-
cantly interfere with the reproducibility of these semi-quantitative
measures, potentially affecting conclusions regarding differential
diagnosis or outcome stratification. Steroids and antiangiogenic
treatments have shown no significant impact on tumour uptake
in preclinical models;”® however, to our knowledge, no data have

been produced on the effects of these and other compounds on
the amino acid uptake of normal brain structures. Hence, this
retrospective study was primarily designed to address the effects
of several variables on the physiological uptake of brain struc-
tures used as a reference for semi-quantitative tumour evalua-
tion, with a particular emphasis on TMZ treatment.

First finding of our study was the confirmation that age and
gender have an impact on "*F-DOPA physiological uptake. In
particular, age showed a significant positive correlation with
SUVbg, consistently with previous observations,'” and with the
hypothesis of age-related differences in dopamine turnover.'”'®
Overall, female showed higher background and basal ganglia
uptake. Increased striatal and cortical dopaminergic activity
had already been observed in female patients with Parkinson’s
disease, suggesting an implication of oestrogens in the regulation
of dopamine metabolism.'*?** This is in line with the recent
findings of Verger and co-authors, who showed a uniformly
higher cortical brain FET uptake in females than in males, indi-
cating that other amino acids might be characterized by a sex-de-
pendent metabolism.*’ Unfortunately, information on oestrogen
levels or menopausal status in our female cohort was not retro-
spectively available.

Most importantly, we were able to show that TMZ chemotherapy
induces prominent changes in physiological "*F-DOPA uptake.
In particular, the uptake of cortical structures, including both
grey and white matter, is significantly reduced in patients under
TMZ treatment compared to patients who discontinued TMZ
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Figure 2. Effects of TMZ chemotherapy on physiological "®F-DOPA uptake. 155 PET/CT studies were divided into the following
three groups according to chemotherapy treatment history: (i) no prior TMZ treatment (Group A, n = 48), (ii) TMZ treatment con-
cluded >1 month before PET/CT (Group B, n = 50) and (iii) ongoing TMZ treatment (Group C, n = 57). Panel (a) shows significant
differences of SUVbckgr between the three study groups; in particular, Group C has significantly lower SUVbckgr than Group B.
Panel (b) shows variations of SUVbg between the three groups, which slightly missed the significance level. Panel (c) shows sig-
nificant differences of SUVbckgr uptake among female patients (green colour scale); in particular, group C female patients have
significantly higher SUVbckgr than group B female patients. Panel (d) shows fairly stable SUVbckgr in male patients (orange col-
our scale) grouped according to TMZ treatment history. In the figure, p-values refer to Turkey’s test for multiple comparisons and
* indicates that differences between groups reached statistical significance (p < 0.05). "®F-DOPA, "®F-fluoro-I-phenylalanine; PET,

positron emission tomography; SUV, standardized uptake value; TMZ, temozolomide.
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more than 1 month before the PET/CT examination. These
effects of TMZ treatment on physiological uptake were significant
in female subjects only. We do not have an explanation for that;
a previous pharmacokinetic study of ''C-labelled TMZ enrolled
only male patients and, unfortunately, cannot provide sufficient
enlightenment on the reason of such differences.”® We suppose
that the lower baseline uptake values found in males might have
masked the effects of TMZ compared to female patients.

Though not surprising—virtually all chemo- and radiotherapy
treatments are indeed associated with some degree of neurotox-
icity”’ —the finding of a significant effect of TMZ treatment on
cerebral physiological '®F-DOPA uptake is original and might
have relevant implications in the interpretation of amino acid
PET imaging, which have been probably overlooked so far. TMZ
is recently raising the interest of neuroscientists as it demon-
strated disruptive effects on neurogenesis and cognition in
rodent models.® More specifically, TMZ has proven to deplete
hippocampal neurogenesis in mice and to produce behavioural
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changes, such as hyponeophagia and anhedonia, which repre-
sent an experimental model of depression.”” An impairment of
brain dopaminergic activity might underlie these behavioural
changes,” explaining the reduced '"*F-DOPA uptake observed in
our study under TMZ treatment. In this case, other amino acid
tracers that are not precursors of dopamine, such as FET or MET,
might not uncover the same effect of TMZ on brain metabolism.

Interestingly, neurogenesis ablation and behavioural changes
observed experimentally in laboratory animals were tran-
sient.”” One might therefore speculate that the relative increase
of uptake parameters observed in patients who concluded TMZ
treatment before PET examination represents a compensa-
tory “rebound” response to the suppressive effects of TMZ. A
potential confounding factor might be the levels of endogenous
cortisol produced under TMZ treatment. An abnormal increase
of corticosterone blood levels in response to stress was shown in
mice treated with TMZ compared to untreated mice, although
baseline levels were similar between the two groups.” If high
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Figure 3. Effects of TMZ chemotherapy on tumour uptake. 99
PET/CT scans showing positive tumour signal were divided
into the following three groups according to chemotherapy
treatment history: (i) no prior TMZ treatment (Group A, n =
28), (ii) TMZ treatment concluded >1 month before PET/CT
(Group B, n = 30) and (iii) ongoing TMZ treatment (Group
C, n = 41). Panel (a) shows significant differences of TBR
between the three study groups; in particular, TBR is signif-
icantly higher in Group C than in Group B. Panel (b) shows
significant differences of TBR in the subgroup of WHO Grade
Il astrocytic tumours (n = 37); in particular, both Group A and
Group C showed higher TBR than Group B. Panel (c) shows no
significant differences of SUVmax between study groups. In
the figure, p-values refer to Turkey’s test for multiple compari-
sons and * indicates that differences between groups reached

statistical significance (p < 0.05).
p=0.860

*p=0.010

p=0.938

0=0.023 0=0.013

SUVmax

|_
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cortisol blood levels were present in our patients under TMZ
treatment, this might have had an impact on amino acid brain
metabolism, as suggested by Stegmayr and co-workers in a rat
brain tumour model.'® In that work, they found an increase of
background brain FET metabolism following the administra-
tion of dexamethasone, with consequent decrease of TBR.'®
In our study, endogenous cortisol levels and their potential
impact on '®F-DOPA uptake have not been assessed; however,
we can at least reasonably exclude a significant interference of
exogenous steroids, as only eight PET/CT studies (5.1% of the
total) were performed on patients who were receiving low-dose
dexamethasone.

Additional mechanisms having a potential strong impact on '*F-
DOPA brain uptake pertain to competition with other amino
acids for transport across the BBB. As a matter of fact, a reduc-
tion of the plasmatic concentration of large neutral amino acid
with consequent increased brain extraction of levodopa has been
demonstrated under treatment with B-adrenergics.’ Ongoing
anticancer treatments might change the patients nutritional
conditions and the peripheral metabolism of competing large
neutral amino acids, potentially affecting '*F-DOPA uptake
of normal brain structures. Unfortunately, the impact of such
variables could not be retrospectively assessed in our cohort.
However, we believe that such uncontrolled biochemical mech-
anisms are unlikely to compromise the interpretation of our
results, as we found no significant differences of patient weight
between the study groups, suggesting a fairly homogeneous
nutritional status in our population. Moreover, the absence of a
strict regulation of all metabolic variables allows the extension of
our results to the daily clinical practice, in which these are hardly
accounted for.

A secondary objective of the study was to assess whether the
observed effects of TMZ on physiological background metab-
olism translate into significant changes of the frequently used
tumour uptake parameter TBR. In the subgroup of PET-positive
tumours, for which a TBR could be calculated, we found higher
TBR values in patients with ongoing TMZ treatment compared
to patients who had discontinued TMZ. This finding is coun-
terintuitive and can be attributed to variations of background
physiological uptake, especially given the similar absolute
tumour uptake parameters (i.e. SUVmax) found across different
groups. Indeed, one might have expected that tumours receiving
active treatment had lower amino acid metabolism than those
receiving no treatment. In contrast, according to our results,
ongoing TMZ treatment would reduce SUVbckgr, leading to an
increase of TBR.

Our study has several limitations due to its retrospective nature.
Heterogeneities between groups somehow weakened our results
and do not allow to undoubtedly claim an independent effect
of TMZ on TBR. Nevertheless, the grouping according to TMZ
treatment history remained a significant predictor of TBR after
co-varying for all potential confounders. This, in our opinion, is
a fairly strong argument in favour of an indirect interference of
TMZ on the calculation of TBR.
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Figure 4. Example of variations of '®F-DOPA uptake induced by TMZ chemotherapy. The left panel (a) represents the brain PET
scan of a female patient with a high-grade astrocytoma acquired during the course of TMZ treatment. SUVbckgr, SUVbg and
TBR were 0.87, 1.86 and 2.91, respectively. The right panel (b) shows the same patient imaged 3 years later, after conclusion of
chemotherapy. Notably, a “rebound effect” can be seen at sites of physiological uptake, whilst the opposite effect is observed for
TBR. In fact, SUVbckgr and SUVbg increased to 1.78 and 3.42, respectively, whereas TBR dropped to 2.19 despite an increase of
SUVmax from 3.62 to 5.47. Both images were scaled to the same maximum signal intensity. '®F-DOPA, '®F-fluoro-l-phenylalanine;
PET, positron emission tomography; SUV, standardized uptake value; TBR, tumour-to-brain ratio; TMZ, temozolomide.

Finally, we did not observe significant effects of prior stereotactic
RT on '"®F-DOPA uptake. In a previous study carried on patients
with brain metastases, Lizarraga et al found lower normal brain
and basal ganglia '®F-DOPA uptake in patients treated with whole
brain RT (WBRT) compared to those treated with stereotactic
irradiation.'* None of our patients was previously treated with
whole brain RT, therefore our results provide further support to
the hypothesis that stereotactic irradiation has limited impact on
brain amino acid metabolism.

In summary, we have shown that TMZ chemotherapy and
patients’ characteristics including gender and age have a signif-
icant impact on physiological "*F-DOPA uptake parameters. As
a consequence, the calculation of TBR is also affected, leading to
possible pitfalls in image interpretation, which might be partic-
ularly relevant in case of longitudinal, intrapatient evaluations.

The biological underpinnings and the clinical impact of these
findings warrant further elucidation by future studies.
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