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Abstract
Purpose To compare the diagnostic information obtained
with 6-[18F]-fluoro-L-3,4-dihydroxyphenylalanine (F-DOPA)
PET and relative cerebral blood volume (rCBV) maps in re-
current or progressive glioma.
Methods All patients with recurrent or progressive glioma
referred for F-DOPA imaging at our institution between May
2010 and May 2014 were retrospectively included, provided

that macroscopic disease was visible on conventional MRI
images and that rCBV maps were available for comparison.
The final analysis included 50 paired studies (44 patients).
After image registration, automatic tumour segmentation of
both sets of images was performed using the average signal
in a large reference VOI including grey and white matter mul-
tiplied by 1.6. Tumour volumes identified by both modalities
were compared and their spatial congruence calculated. The
distances between F-DOPA uptake and rCBV hot spots,
tumour-to-brain ratios (TBRs) and normalized histograms
were also computed.
Results On visual inspection, 49 of the 50 F-DOPA and 45 of
the 50 rCBV studies were classified as positive. The tumour
volume delineated using F-DOPA (F-DOPAvol 1.6) greatly
exceeded that of rCBV maps (rCBVvol 1.6). The median
F-DOPAvol 1.6 and rCBVvol 1.6 were 11.44 ml (range
0 – 220.95 ml) and 1.04 ml (range 0 – 26.30 ml), respectively
(p<0.00001). Overall, the median overlapping volume was
0.27 ml, resulting in a spatial congruence of 1.38 % (range
0 – 39.22 %). The mean hot spot distance was 27.17 mm
(±16.92 mm). F-DOPA uptake TBR was significantly higher
than rCBV TBR (1.76±0.60 vs. 1.15±0.52, respectively;
p<0.0001). The histogram analysis showed that F-DOPA
provided better separation of tumour from background. In
6 of the 50 studies (12 %), however, physiological uptake in
the striatum interfered with tumour delineation.
Conclusion The information provided by F-DOPA PET and
rCBV maps are substantially different. Image interpretation is
easier and a larger tumour extent is identified on F-DOPA PET
images than on rCBV maps. The clinical impact of such dif-
ferences needs to be explored in future studies.
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Introduction

Structural magnetic resonance imaging (MRI) is the current
standard for detection and follow-up of brain tumours of any
grade and histology. However, conventional contrast-
enhanced T1-weighted (ce-T1-W) and fluid-attenuated inver-
sion recovery (FLAIR) sequences have well known limita-
tions especially in the evaluation of posttreatment changes.
Response assessment criteria are therefore evolving over time
in consideration of the issues raised by new optimized radio-
therapy and chemotherapy protocols [1]. The need for addi-
tional insights into tumour biology and infiltration has
prompted the increasing use of radionuclide PET imaging
and advanced MRI techniques, such as perfusion-weighted
and diffusion-weighted MRI (PWI, DWI) and proton spec-
troscopy [2, 3].

Among the positron-emitting radiotracers, amino acid
probes including L-[methyl-11C]methionine (MET),
O-(2-18F-fluoroethyl)-L-tyrosine (FET) and 6-[18F]-fluoro-L-
3,4-dihydroxyphenylalanine (F-DOPA) have been most suc-
cessful in the field of brain tumour imaging due to their
favourable mechanism of uptake, that depends on the in-
creased expression of the L-type amino acid transport system
on tumour cells [4]. This metabolic pathway is highly specific
for cancer cells and largely independent of blood–brain barrier
breakdown, resulting in excellent tumour-to-background con-
trast. Pathological amino acid uptake usually extends beyond
ce-T1-Wabnormalities and is more specific than T2-weighted
(or FLAIR) hyperintensities [5]. The inclusion of amino acid
PET tracers in the work-up of brain tumours complements and
improves the diagnostic performances of conventionalMRI in
several settings, including biopsy targeting [6–8], prediction
of anaplastic transformation [9, 10], response assessment
[11–13] and treatment planning [14–16] for both high-grade
and low-grade gliomas.

In addition, advanced MRI sequences such as dynamic
susceptibility-weighted contrast-enhanced perfusion (DSC-
PWI) have been proposed as a useful complement to conven-
tional MRI, both in the preoperative setting [17] and in re-
sponse evaluation [18, 19]. Relative cerebral blood volume
(rCBV), the most informative parameter derived from PWI
images, increases with microvessel density and angiogenesis,
and correlates with tumour grade and proliferation [20, 21].
Despite inherent technical and biological differences between
the two imaging modalities, several authors have claimed that
the diagnostic information provided by PWI is comparable, or
even superior, to that obtained by amino acid PET [22–25]. A
recent study in patients with brain tumours showed consider-
ably higher tumour-to-brain ratios (TBR) and larger tumour
volumes on FET PET as well as a poor spatial overlap com-
pared with PWI [26]. So far, no previous studies have evalu-
ated differences between F-DOPA uptake and rCBV maps in
patients with gliomas. Therefore the present study was

designed to compare the diagnostic information obtained with
F-DOPA PET and rCBV maps in a large unselected popula-
tion of patients with recurrent or progressive gliomas, with
particular focus on volumetric comparison and spatial congru-
ence analysis. In order to ensure comparability, the same
methodology of the previous study comparing FET PET and
PWI was used [26].

Materials and methods

Patients

A total of 62 F-DOPA PETstudies from 55 patients (19 wom-
en and 36 men; median age 50 years, range 19 – 79 years)
acquired between May 2010 and May 2014 at Sant’Andrea
University Hospital of Rome were selected from a prospec-
tively maintained database of patients with brain tumours
treated at the same institution. Patients were included in this
retrospective analysis if they presented with recurrent or pro-
gressive disease at the time of PET scan visible on standard
T1-weighted and/or FLAIR MRI sequences, according to the
RANO criteria [1]. Twelve studies were excluded because
PWI MRI was not available for review and/or MRI and F-
DOPA PET were not acquired within a short time of each
other, i.e. no longer than 3 and 6 weeks apart for high-grade
and low-grade gliomas, respectively. Therefore, a dataset of
50 F-DOPA PET scans from 44 patients (16 women, 28 men)
were entered into the final analysis.

At the time of PET imaging, diagnoses were defined
according to the World Health Organization (WHO) clas-
sification [27]. High-grade gliomas (36 studies) included
grade IV glioblastomas (19 studies, 15 de novo and 4
secondary), grade III anaplastic astrocytomas (10 studies),
grade III anaplastic oligoastrocytomas (2 studies), a grade
III anaplastic oligodendroglioma (1 study), a grade III
ganglioglioma (1 study), and grade III gliomatosis cerebri
(3 studies; defined by the presence of tumour tissue in at
least three cerebral lobes). There were 14 low-grade glio-
mas, including grade II diffuse astrocytomas (5 studies),
grade II oligodendrogliomas (5 studies), and a WHO grade
II oligoastrocytoma (1 study). There were three histologi-
cally unverified noncontrast-enhancing diffuse pontine
gliomas.

All patients had received previous treatment, including sur-
gical resection, radiotherapy, chemotherapy or a combination
thereof. Total, subtotal and partial resection were defined as
complete removal, removal of >90 % and removal of <90 %
of the tumour, respectively, evaluated on postoperative MRI
performed within the first 24 h. Radiotherapy was delivered at
a total dose of 59.4 – 60Gy in 30 – 33 fractions of 1.8 – 2.0 Gy
each. Chemotherapy consisted of concomitant (75 mg/m2 dai-
ly) and/or adjuvant (150 – 200 mg/m2 for 5 days every
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28 days) temozolomide [28]. Of the 44 patients, 25 (a total of
28 paired imaging studies) were on temozolomide chemother-
apy as part of their primary treatment or for progressive dis-
ease. None of the patients had previously received
antiangiogenic treatment.

F-DOPA PET and MRI imaging protocols

One 20-min static image of the brain was acquired on a Philips
Gemini PET/CT camera starting 15±5 min after intravenous
injection of 185 MBq (range 148 – 196 MBq) 18F-DOPA.
Patients were required to fast for at least 6 h before the
scan and no carbidopa premedication was given. A low-
dose, noncontrast-enhanced CT scan (120 kV, 60 mA)
was acquired for attenuation correction. Images were
reconstructed using a 3D RAMLA algorithm on a
128×128 matrix and a square field of view (FOV) of
256 mm side, yielding a final voxel of 8 mm3.

All MRI scans were performed on a 1.5-T unit (Sonata,
Siemens) equippedwith a four-channel phased-array head coil
for signal reception. Routine MRI pulse sequences included
axial T1-weighted, T2-weighted and FLAIR. DSC-PWI im-
ages were obtained with a T2*-weighted gradient-echo echo-
planar imaging (EPI) sequence (TR/TE 1,490/40 ms, flip an-
gle 90°, FOV 230×230 mm, matrix 128×128, 14 sections of
thickness 5 mm, acquisition time 78 s) during bolus injection
of gadopentetate dimeglumine (DOTAREM®; dose
0.1 mmol/kg body weight, injection rate 4 ml/s), followed
by a 20-ml saline flush. A total of 50 measurements were
acquired, allowing at least five measurements before bolus
arrival. T1-weighted 3D magnetization-prepared rapid acqui-
sition gradient echo (MPRAGE) images (TR/TE 1,840/
4.4 ms, section thickness 1 mm, inversion time 110 ms,
FOV 188×250 mm, matrix 238×256) were acquired after
completion of the DSC sequence.

Parametric maps of rCBV were created from DSC data
using the program Stroketool, version 3.1 [29]. Written in-
formed consent was obtained separately for each single imag-
ing modality.

Comparative volumetric assessment

F-DOPA PET and MRI imaging studies were automati-
cally coregistered using the commercially available
PMOD software, version 3.203/3.403 (PMOD Ltd.). Both
PET images and rCBV maps were coregistered to ce-T1-
W MR images. If necessary, registration was manually
adjusted on all the three axes using anatomic landmarks.
The same software was used for semiautomatic
contouring of brain tumour volumes on both imaging
modalities and for subsequent comparative analysis. Ini-
tially, both sets of images were visually scored as positive
or negative. Tumour volumes were then estimated for

each modality. Previous studies have shown that tumour-
to-background contrast of F-DOPA uptake is similar to
that of FET [30, 31]. Therefore, a threshold value of 1.6
over the background uptake was taken as the reference for
definition of tumour volume (Tvol 1.6), based on the find-
ing of a previous biopsy-controlled study using FET [7].
In case of overlap with basal ganglia uptake, tumour volumes
of interest (VOIs) were manually adjusted by two experienced
operators in consensus (F.C. and A.P.) to exclude regions of
physiological uptake.

To measure mean background uptake, a large region of
interest (ROI) was drawn on the unaffected site just above
the upper ventricle including both grey and white matter.
The same background ROI and threshold value of 1.6 were
used to define the tumour volume on CBV maps. This ap-
proach was validated in patients with meningioma and then
applied to gliomas, as previously described [26]. Manual cor-
rections of the tumour VOI were carefully applied by two
experienced operators in consensus (C.P.F. and C.R.E.) to ex-
clude blood vessels whose signal exceeded the cut-off value.
The intersection between the tumour VOIs defined on PET
images and rCBV maps was calculated using PMOD. The
spatial congruence was defined as the percentage of the total
tumour volume overlapping between the two sets of studies.
For the purpose of this analysis, the total tumour volume was
defined as: F-DOPAvol 1.6 + rCBVvol 1.6 − Ovol, where F-
DOPAvol 1.6 and rCBVvol 1.6 are the volumes of pathological
signal identified by each modality and Ovol is the overlapping
volume. The hot spots relative to F-DOPA uptake and rCBV
were localized semiautomatically and the distance between
them calculated.

As previously described [26], a tumour and a reference
VOI were defined on morphological MR images to compare
tumour-to-background contrast using different functional pa-
rameters. The tumour VOI was defined in terms of signal
alterations on morphological MR images. In contrast-
enhancing tumours (n=40) the tumour volume was deter-
mined on ce-T1-W images using a visually determined cut-
off. In nonenhancing tumours (n=10), a spherical VOI of
10 cm3 was placed in the centre of signal abnormalities on
T1-weighted and T2-weighted images. A large reference VOI
was placed on the contralateral hemisphere in an area of
normal-appearing brain tissue including white and grey mat-
ter. These VOIs were transferred to the coregistered rCBV
maps and PET scans and the TBRs were calculated by divid-
ing the mean value of the respective parameter of the tumour
VOI by the corresponding mean value of the normal brain
VOI. Raw histograms for the tumour VOIs and the ref-
erence VOIs were provided for each imaging modality.
The maximal pixel values within the tumour VOIs were
determined and the raw histograms were normalized to
a standardized bin width and a unity of 1 for the curve
integral [26].
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Statistical analysis

The Statistical Package for the Social Sciences (SPSS, vers.
20; SPSS Inc., Chicago, IL) was used for statistical analysis.
For comparison between groups, Student’s t test and the
Mann-Whitney U test were used for normally and non-
normally distributed variables, respectively. For correlation
analysis, Pearson’s r was used. Probability values of less than
0.05 were considered significant.

Results

The patient characteristics, together with tumour volumes and
results of spatial congruence analysis are shown in Table 1.

Comparative volumetric assessment

On visual inspection, 49 of 50 F-DOPA PET and 45 of 50
CBV studies were classified as positive. In one patient both
studies were negative, while in four patients the PET study
was positive and the CBV study was negative. F-DOPAvol 1.6

greatly exceeded rCBVvol 1.6 (p<0.00001; Fig. 1). No corre-
lation was found between F-DOPAvol 1.6 and rCBVvol 1.6 (r=
0.19, p=0.17). In the overall population, the median F-
DOPAvol 1.6 was 11.44 ml (range 0 – 220.95 ml) and the
median rCBVvol 1.6 was 1.04 ml (range 0 – 26.30 ml). High-
grade gliomas had a significantly larger F-DOPAvol 1.6 than
low-grade gliomas (median F-DOPAvol 1.6 18.69 ml and
4.81 ml in high-grade and low-grade gliomas, respectively,
p=0.023), while only a trend toward significance was
observed for rCBVvol 1.6 (median rCBVvol 1.6 1.61 ml

and 0.5 ml in high-grade and low-grade gliomas, re-
spectively, p=0.071).

The overall median total tumour volume was 12.26 ml
(18.75 and 4.81 in high-grade and low-grade gliomas, respec-
tively, p=0.019). The percent contributions to the total tumour
volume were 89.95 % and 5.61 % for F-DOPA uptake
and rCBV, respectively (Fig. 2). The median Ovol was
0.28 ml in the overall population (0.49 ml and 0 ml in
high-grade and low-grade gliomas, respectively, p=
0.025). This, in turn, resulted in an overall median spa-
tial congruence of 1.38 % (range 0 – 39.22 %). No
significant differences were found in terms of spatial
congruence between high-grade and low-grade gliomas
(p=0.061). Table 2 summarizes the results of compara-
tive volumetric assessment.

Location of hot spots on F-DOPA PET and rCBV studies

Including only positive studies, the mean radial distance be-
tween F-DOPA uptake and rCBV tumour hot spots was 27.17
±16.92 mm (range 2.24 – 64.8 mm). There were no differ-
ences in hot-spot distance between high-grade and low-grade
gliomas (p=0.93).

Tumour-to-brain ratios

TBRs were significantly higher on F-DOPA PET studies
than on rCBV studies (overall mean TBR 1.76±0.60
and 1.15±0.52 for F-DOPA uptake and rCBV, respec-
tively, p<0.0001; Fig. 3). No differences in TBRs were
found between high-grade and low-grade gliomas (p=
0.36 and p=0.09 for rCBV and F-DOPA uptake,
respectively).

Comparison of histograms

The histograms of F-DOPA uptake allowed a clear
separation of tumour from background, whereas sepa-
rat ion based on histograms of rCBV was poor
(Fig. 4).

Discussion

Among the imaging modalities complementary to conven-
tional MRI, amino acid PET and PWI are often seen as com-
petitors. Amino acid PET, especially when short half-life emit-
ters such as 11C are employed, presents some logistic difficul-
ties, while PWI images have the clear advantage of being
easily obtained in a single MRI session. However, the biolog-
ical mechanisms explored and the information provided are
inherently different, as shown in the present study, which

Fig. 1 Box-plot of F-DOPAvol 1.6 and rCBVvol 1.6 values and the total
overlapping volumes (Ovol). The plots include data from the overall study
population with one outlier excluded (patient 38, F-DOPAvol 1.6

220.95 ml)
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confirmed and extended to F-DOPA the findings of a previous
study of FET [26].

The first most relevant finding of our study is that the
regions with increased F-DOPA uptake were much larger than
those with increased rCBV values (Fig. 1). In addition, we
were able to confirm that TBRs are significantly higher for
F-DOPA uptake than for rCBV maps (Fig. 3), indicating that
F-DOPA uptake is superior to rCBV for differentiating be-
tween tumour and normal brain, as also reflected by the his-
togram analysis (Fig. 4) [26]. No significant differences in
TBR were found between high-grade and low-grade gliomas,
consistent with the results of a previous study showing a failed
correlation between F-DOPA uptake and tumour grade in pa-
tients with previously treated glioma [32]. Although there
might be some degree of nonspecific uptake [33], the larger

tumour volumes seen on F-DOPA PET in both enhancing and
nonenhancing regions seem to correlate better with the
real tumour extent, as already suggested by previous
studies [5–16].

Taken together, these findings suggest that the diagnostic
yield of amino acid PET is greater than that of PWI, in con-
tradiction to the findings of some studies indicating that radio-
nuclide imaging could be replaced by PWI [22–25]. In those
studies, however, relatively small ROIs were chosen in tu-
mours and normal brain regions and often a binary interpreta-
tion of rCBV was used (positive vs. negative) for comparison
with amino acid uptake. In our opinion, this approach is un-
likely to give correct information as to total tumour volume
and might be better suited to other clinical issues, e.g. the
differential diagnosis between radiation-induced changes and

Fig. 2 Examples of spatial congruence between tumour volumes derived
from F-DOPA PET and rCBV images. These studies were chosen from
among those with the largest volume overlap. Left to right: axial F-DOPA
PET, rCBVand contrast-enhanced T1-weighted images with superimpo-
sition of tumour VOIs (red F-DOPA-derived tumour volume, blue rCBV-

derived tumour volume, yellow overlapping volume). a Patient 7, glio-
blastoma: F-DOPAvol 1.6 and rCBVvol 1.6 are similar (25.55 ml and
26.30 ml, respectively); spatial congruence 31.8 %. b Patient 34,
noncontrast-enhancing gliomatosis cerebri: F-DOPAvol 1.6 and rCBVvol

1.6 are 19.12 ml and 7.17 ml, respectively; spatial congruence 12.49 %

Table 2 Volumetric analysis, together with mean values and standard deviations for all the studies, in order to facilitate comparisonwith the findings of
Filss et al. [26]

ce-T1-W
volume (ml)a

F-DOPAvol1.6

(ml)a
rCBVvol1.6

(ml)
Total tumour
volume (ml)a

Ovol (ml)
a F-DOPA

only (%)
rCBVonly (%) Spatial congruence (%)a

All studies (n=50)

Median 1.18 11.44 1.04 12.26 0.28 89.95 5.61 1.38

Mean ± SD 3.24±4.9 22.59±34.9 3.13±4.8 24.20±35.2 1.51±2.9 78.10±27.1 16.67±26.5 5.21±8.4

High-grade (n=36) 2.53 18.69 1.61 18.75 0.49 89.95 5.61 1.60

Low-grade (n=14) 0.27 4.81 0.50 4.81 0 89.96 6.90 0

Not all variables were normally distributed
a Variables for which the difference between high-grade and low-grade gliomas was statistically significant (Mann-Whitney U test)
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recurrent or progressive brain metastases, where the tumour
volume is well defined and a binary response is required. To
overcome these limitations, we applied a volumetric approach
to the imaging data here, using large reference VOIs, the same
threshold values and automatic segmentation methods for
both F-DOPA PET and PWI images. This method has been
validated and discussed elsewhere [26].

The second major result of our study was the poor spatial
congruence between F-DOPA uptake and rCBV. Following its

definition, the spatial congruence was negatively influenced
by large difference between volumes identified by the two
imagingmodalities. It should be noted, however, that although
rCBVvol 1.6 contributed only a small fraction to the total tu-
mour volume, it was usually not entirely confined within F-
DOPAvol 1.6. Additionally, a further spatial congruence analy-
sis revealed that the overlap between rCBVvol 1.6 and contrast
enhancement on ce-T1-W sequences was also small (data not
shown). This means that F-DOPA PET and PWI should be
considered as complementary rather than mutually exclusive,
in line with the conclusion of a recent study showing that
MET PET and PWI provide complementary baseline data in
low-grade gliomas [34]. The authors, however, found that hot
spot regions of MET uptake and rCBV coincided in all cases,
whereas in the present study the mean radial distance between
F-DOPA uptake and rCBV hot spots was 27.17 mm. In our
study, we could not confirm such coincidence, and we argue
that the large discrepancy between our results and those of
Berntsson et al. [34] can be explained by differences in patient
characteristics, in particular by the fact that all our patients had
received previous treatment. Interestingly, almost the same
mean radial hot spot distance (25.39 mm) was found in pa-
tients imaged with FET [26].

Overall, our results compare well with those of a previous
similar study investigating FET [26]. In our cohort, median
spatial congruence was 1.38 % vs. 5.6 % reported previously
with FET (see online supplementary material of [26]). Since
the same methodology was employed in both studies, the

Fig. 4 Mean histograms of
tumour and normal brain
F-DOPA uptake signal and rCBV
signal. F-DOPA uptake allows
better separation of tumour from
normal brain than rCBV

Fig. 3 Box-plot of tumour-to-brain ratios (TBR) of F-DOPA uptake and
rCBV. The mean TBR of F-DOPA uptake is significantly higher than
rCBV TBR (1.76 vs. 1.14, p<0.0001, two-tailed Student’s t test)
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small discrepancy probably reflects the different inclu-
sion criteria (30 of 56 patients in the study of Filss
et al. [26] were untreated) and slightly different overall
tumour volumes.

We are aware that this study had several limitations, includ-
ing its retrospective nature and the broad range of tumour
stage and prior treatment history. Furthermore, histopathology
was performed as part of the usual standard of care and no
targeted biopsies were taken to evaluate the discrepancies be-
tween F-DOPA PETand rCBV in more detail. Our conclusions
are based primarily on the well-known ability of radiolabelled
amino acids to reflect the extent of gliomas reliably. Therefore,
a biopsy-controlled study is needed to confirm our findings.
Since a well-established threshold for separating tumour from
nontumour tissue in terms of rCBV does not exist, we used the
same threshold as for F-DOPA in order to be able to compare
the two imaging methods. However, one might argue that the
main objective of PWI is not to define the whole tumour extent
but, instead, to detect tumour subregions suggestive of high-
grade malignant tumour tissue [17]. Nevertheless, in our opin-
ion this approach can be reproduced easily and reduces to a
reasonable extent the large variability in the subjective interpre-
tation criteria of rCBV maps.

Furthermore, F-DOPA PET imaging itself is not free from
drawbacks. Although single transport mechanisms are not
known in detail and might show some peculiarities, no major

differences have been found among the available amino acids
in terms of tumour detection [30, 31, 35]. However, F-DOPA
is a substrate for the enzyme aromatic amino acid decarbox-
ylase, found in high abundance in dopaminergic neurons, and
therefore shows physiological uptake in the basal ganglia [36].
This uptake represents a known pitfall of F-DOPA since it
may interfere with tumour uptake, as in 6 of the 50 studies
(12 %) in our patient cohort in which the striatal uptake
prevented precise tumour delineation (Fig. 5). This problem
probably did not affect the overall results of the study, but it
should be born in mind that with F-DOPA the tumour volume
might be difficult to evaluate in a nonnegligible number of
patients. In such patients in particular integration with other
imaging modalities and/or an alternative amino acid probe
would be required.

In conclusion, this study demonstrated that the infor-
mation provided by F-DOPA PET and rCBV maps is
substantially different in patients with recurrent or pro-
gressive glioma. Image interpretation is easier and a
larger tumour extent is identified with F-DOPA PET
than with rCBV maps. The integration of new imaging
techniques might help the assessment of response to
treatment and radiotherapy planning. However, the sig-
nificance of different tumour regions delineated with
these techniques needs to be explored in prospective
studies.

Fig. 5 Patterns of interference
between physiological basal
ganglia uptake and tumour
delineation. a Tumour uptake
with no infiltration of the striatum
(patient 21). The pathological
signal does not overlap with basal
ganglia activity and a clear
distinction is still possible. b The
tumour largely displaces and
infiltrates the basal ganglia
(patient 36), and the separation of
pathological and physiological
signal is difficult. In both a and b,
tumour VOIs are shown
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