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A study method using early dynamic
acquisition of ['®FIfluorodopa positron
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diagnosis between progression

and radionecrosis of brain metastases after
radiotherapy
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Abstract

Background It is difficult to distinguish between the brain metastasis progression (BMP) and brain radionecrosis
(BRN) on the basis of '8F-3,4-dihydroxyphenylalanine positron emission tomography/computed-tomography
("8F-FDOPA PET/CT) data. The advent of silicon photomultiplier (SIiPM) PET technology makes it possible to study
dynamic volumes and potentially improve diagnostic accuracy. We developed a method for processing '8F-FDOPA
PET/CT in the differential diagnosis between BMP and BRN. The method involves a short (3-second) sampling time
during a 4-minute acquisition on a SiPM-PET/CT machine. We prospectively included 15 patients and 19 metastases.
All acquisitions were performed in list mode acquisition for 25 min on a four-ring SiPM PET/CT system. We calculated
the ratios between the maximum activity in the lesion’s voxel and the mean activity in the contralateral region
(VOImax/CLmean) or the mean activity in the white matter (VOIlmax/WMmean).

Results Seven lesions were classified as BMP and twelve were classified as BRN. Statistically significant intergroup
differences in the VOImax/CLmean and VOImax/WMmean activity ratios were observed for both the clinical
volume and the early acquisition. The best performing quantitative variable was the VOImax/CLmean ratio on early
acquisition, with a diagnostic accuracy of 94.7%, a sensitivity of 100%, and a specificity of 91.7%.

Conclusion The '8F-FDOPA PET/CT data acquired a few minutes after the bolus injection confirms its value in
differentiating between BMP and BRN, compared to the much longer classic clinical protocol.
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Background

The cancers most likely to cause brain metastases (BM)
are primary lung cancers, followed by breast cancers and
melanomas [1]. Due to the high morbidity and mortality
rates associated with BM, effective screening, treatment
and therapeutic monitoring are essential [2]. Various
treatment options are available for BM, depending on
factors such as the lesion site and the number of lesions.
Surgical resection may be recommended in some cases,
while radiotherapy, chemotherapy and immunotherapy
are also commonly used [3]. Brain radionecrosis (BRN)
is a potential complication of radiation therapy for the
treatment of BM and may occur several months to years
after the course of treatment [4].

The pathogenesis of BRN is poorly understood but
appears to involve vasculitis, an immune reaction, and
demyelination [5, 6]. Although radiation therapy is often
used to treat BM, it may cause this serious complication
[7]. Differentiating between BRN and BM progression
(BMP) is essential for determining the appropriate treat-
ment approach [8, 9].

Contrast-enhanced magnetic resonance imaging (MRI)
is the technique most widely used to monitor BM [10].
In particular, measurement of the relative cerebral blood
volume (rCBV, derived from perfusion-weighted imag-
ing) makes it possible to differentiate between BMP and
BRN [11]. In some cases, however, brain lesions may
consist of a mixture of necrotic tissue and tumour pro-
gression; in such a case, differentiation between BMP
and BRN is difficult on the basis of imaging alone [12].
Another diagnostic difficulty arises when the BM are
located close to (and are difficult to distinguish from)
large blood vessels on MRI, leading to false positive
or false negative results. These limitations are driv-
ing researchers to develop additional imaging or post-
processing techniques. For example, MR spectroscopy,
particularly choline concentration in tissues which cor-
relates with tumor progression, or radiomics analysis
which extracts texture and shape features that character-
ize the tumor lesion, may be of interest. Amide proton
transfer-weighted (APTw) imaging is another advanced
MRI technique, in which image contrast is provided pri-
marily by amide protons in cellular proteins and pep-
tides, which can be used to distinguish brain metastases
from glioblastoma [13]. In combination with MRI, PET
imaging has also seen the development of several tech-
nological advances to assist in the differential diagno-
sis; however its accessibility in practice remains limited
[14]. Amino-acid PET imaging is a valuable technique
that complementing MRI in neuro-oncology, mainly
for glioma evaluation. The most commonly studied
amino-acid tracers are [11 C]-L-methyl-methionine
(11 C-MET), [18F]-fluoroethyl-L-tyrosine (18F-FET)
and [18F]-L-dihydroxyphenylalanine (**F-FDOPA) with
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the second being the most prevalent in literature data on
glioma diagnosis [15]. 18F-FDOPA has been studied to
a lesser extent in this topic, and even less so in analyses
related to brain metastases. The combined use of [18F]-
L-dihydroxyphenylalanine (**F-FDOPA) positron emis-
sion tomography (PET) and computed tomography (CT)
can also help oncologists to differentiate between BMP
and BRN. The 'F-FDOPA tracer is used in this indica-
tion because of its strong uptake into the brain (linked to
overexpression of the amino acid transporter type 1 by
brain tumours), regardless of whether or not the blood-
brain barrier is affected. The main benefit is an excellent
signal-to-noise ratio [16].

Several studies of gliomas have shown that '*F-FDOPA
PET/CT imaging is equivalent or even superior to
contrast-enhanced MRI [17, 18]. However, only a
few researcher groups have investigated the use of
I8E_FDOPA PET/CT technique for BM imaging. Never-
theless, the results of some of these studies are promis-
ing. In particular, Cicone et al. found that the diagnostic
performance was better for *F-FDOPA PET/CT than for
perfusion MRI [19].

The recommended ®F-FDOPA PET/CT brain proto-
col comprises a 15-minute post-injection tracer uptake
period and a 10-minute acquisition [20].

Despite the potential benefits of 3 F-FDOPA PET/CT,
the differential diagnosis of BMP vs. BRN remains in
routine clinical practice is complicated by radiotherapy-
induced changes in vascularization, perfusion, and local
metabolism. Imaging solutions such as dynamic PET/
CT with silicon detectors (SiPM-PET) may help to better
understand the vascularization and metabolic patterns of
BM and improve the accuracy of differentiation between
BMP and BRN. Indeed, the latest SiPM-PET devices are
more sensitive than previous generations of photomul-
tiplier-based PET devices [21]. The high sensitivity and
greater time resolution of SiPM-PET based scanners
make them particularly useful for dynamic imaging stud-
ies. However, custom postprocessing software tool for
the analysis of dynamic volume functions is not provide
on the manufacturer’s console.

The objective of the present study was to determine the
differential diagnostic performance (BMP vs. BRN) of a
method for processing '*F-FDOPA SiPM-PET data. The
method involves a short (3-second) sampling time during
a 4-minute acquisition on a SiPM-PET/CT machine.

Materials and methods

Study population

The main inclusion criterion was doubt with regard to
the presence of BMP vs. BRN four months after the end
of radiotherapy, regardless of the type of primary tumour.
All patients included in the study gave their informed
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consent. Patients fasted for four hours before the imaging
session and were not premedicated with carbidopa.

The final diagnosis of malignancy was determined
either from histological confirmation (3 patients) or on
from combination of clinical and/or radiological follow-
up, up to six months after the 18 F-FDOPA PET-CT
examination. Imaging follow-up did not include the
method evaluated in the present study.

PET/CT acquisitions and reconstructions
All imaging data were acquired using a 4-ring whole-
body SiPM-PET/CT Discovery MI system (GE Health-
care, Waukesha, WI, USA), which features a 198 mm
axial and a 700 mm transaxial field of view (FOV) [22].
The acquired data (prompts) collected in a single step
centered on the brain are stored in real-time in a List
Mode (LM) file for 25 min, starting before the injection of
8E_.FDOPA (i.e. no synchronization between the start of
the acquisition and the manual injection of '*F-FDOPA).
All PET images in this study were reconstructed using
the attenuation-weighted ordered subset expectation
maximization algorithm (AW-OSEM) [23] on the man-
ufacturer’s console with attenuation correction coeffi-
cients calculated from CT low dose acquisitions (120 kV,
60 mA, and 511 keV). The AW-OSEM algorithm’s recon-
struction parameters were set to 2 iterations, 17 subsets,
a matrix size of 256256 voxels, 71 slices, a useful FOV
reconstruction diameter of 30 cm (i.e. a voxel size of
1.17 mm x 1.17 mm x 2.79 mm), 4-mm Gaussian filter
with point spread function, decay, scatter and attenuation
correction.

Clinical volume

To replicate the '®F-FDOPA PET examination conducted
in routine clinical practice we only analyzed data from
the last 10 min of the LM file (Fig. 1).

Bolusinjection

Page 3 of 9

4D-stack volume

The LM file enabled us to generate 80 volumes, forming a
four-dimensional (4D) stack. Each volume corresponded
to a period of 3 s during the initial 4 min of the acquisi-
tion (Fig. 1).

3D-sum volume

Our in-house tool, described in the following paragraph,
includes TO computation and the summation of mul-
tiple volumes, enabling us to generate a volume referred
to as the 3D summation volume (3D-sum) (Fig. 2). This
approach is intended to enhance the contrast and cor-
responds to the time-domain integration of specific vol-
umes within the 4D-stack. 3D-sum was computed for
each patient and thus summarizes the 4D-stack volumes
from volume T0+20 to volume T0+30, as explained and
discussed below (see Fig. 2).

Development of an in-house MATLAB software tool

We used MATLAB software (2023b, The MathWorks
Inc., Natick, MA, USA) to develop a custom software
called ‘Visu-Stack’ (VS). This software enabled us to study
dynamic volume functions that are not accessible with
the manufacturer’s console (VS interface is provided in
the Supplementary Materials). VS uses reconstructions
from the manufacturer’s console. It also applied a time
filter to all the 4D-stack data in this study by convolution
array of low-pass formas £ [1 11] .

Due to the lack of synchronisation between the acqui-
sition and the injection, we had to determine the time
at which the F-FDOPA bolus arrived in the camera’s
Field of view (FOV). Thus, VS determined the volume
number (T0) of the 4D-stack, which indicates the arrival
time. TO corresponded to the index of the volume within
the 4D-stack reconstructed with as many prompt events
as possible Furthermore, VS included a function that
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Fig. 1 A schematic depiction of the timeline for CT acquisition, PET/CT acquisition, and radiotracer injection, and an overview of the generation of the

4D-stack and clinical volumes used in this study
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Fig. 2 A block diagram for creation of the 3D-sum volume from the TO value and the 4D-stack volume

generates a single volume by voxel-by-voxel summation
of multiple volumes. VS also generates a time-activity
curve (TAC) and calculates the mean of a set of TACs
(TAC,,on), based on the 4D-stack.

Lastly, the VS implementation includes 3D measure-
ments, such as identifying the maximum value and its
corresponding coordinates within a spherical region
of interest (VOI_max) and calculating the mean value
within a circular region of interest (ROI_mean).

Measurements and analyses
For all the patients in this study, the mean activity in
the ROI (with a diameter of 5 voxels) was measured in
the contralateral region (C'Lyyeqn) and in white matter
(W M ,ean) [24] for both the clinical volume (Fig. 1) and
the 3D-sum volume. Furthermore, a VOI encompassing
the lesion was measured in both the clinical and 3D-sum
volumes to determine the maximum voxel activity within
the lesion (VOI 42 ).

These measurements allowed us to calculate the ratios
VOI,,4:/CLpean and VOI 00/ W M ean for both
the clinical and 3D-sum volumes.

Statistical analysis

Categorical variables were reported as the frequency
(percentage), and quantitative variables were reported
as the median [interquartile range (IQR)]. Means of con-
tinuous variables were compared in the Mann-Whitney
U test. Diagnostic performance was assessed using a
receiver-operating characteristic curve analysis, with
maximization of Youden’s index. The sensitivity, specific-
ity, accuracy and the area under the curve (AUC) were

calculated. All statistical analyses were performed using
Rstudio software (version 1.3.1093 (Rv.3.6.3, http://
www.r-project.org). The threshold for statistical signifi-
cance was set to p<0.05.

Results
Study population
Fifteen patients with a total of 19 lesions were included in
the study (Table 1). Two patients with two brain lesions
were analyzed and two patients with only one lesion were
studied twice. None of the lesions were located close to
the striatum. According to the diagnostic gold standard,
seven lesions were classified as BMP and 12 were clas-
sified as BRN. All metastasis were irradiated (median
[IQR] total dose: 30 Gy [24—33] and 3 lesions (16%) were
removed surgically before radiation treatment. Sixteen
patients were treated with stereotactic radiotherapy
(SRT), two patients with stereotactic radiosurgery (SRS)
and one patient with both SRS and whole-brain radia-
tion therapy (WBRT). The median [IQR] time interval
between the end of radiotherapy and the SF-FDOPA
PET/CT examination was 14 months [11-34].

The median '*F-FDOPA activity injected was 121 MBq
(117-136), which corresponds to a median concentration
of 1.9 MBq/kg (1.8-2.0).

Quantitative analysis of the clinical and 3D-sum volumes
Inside the regions of interest, statistically significant dif-
ferences between BMP and BRN groups were observed
for all the variables studied (Fig. 3; Table 2). The clinical
images, the 3D-sum images in a patient with both BMP
and BRN are shown in Fig. 4.
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Table 1 Demographic and baseline clinical characteristics of the
study population
Overall study population (n=15)

Sex
Men 6
Women

Primary tumor

Lung 7 (47%)
Breast 3 (20%)
Melanoma 2 (13%)
Kidney 1 (7%)
Undetermined 2 (13%)
Metastasis site
Supratentorial 11 (73%)
Infratentorial 4(27%)
Histological diagnosis 3 (20%)
BMI (kg/m?) 27 (25-29)
Age (years) 73 (62-76)
Time interval between MRl and PET (days) 42 (20-56)
Type of Radiation therapy
SRT 16 (84%)
SRS 2(11%)
WBRT and SRS 1 (5%)
Radiation total dose (Gy)
SRT 27 (24-33)
SRS 29 (26-31)
WBRT and SRS 57
Total number of lesions 19

BMI : body mass index ; SRT : stereotactic radiotherapy ,; SRS : stereotactic radiosurgery ;
WBRT : whole-brain radiation therapy

Assessment of diagnostic performance

The best performances were found for the 3D-sum vol-
ume, which gave an accuracy of 94.7% for both contra-
lateral normalization and white matter normalization
(Table 3). Furthermore, the highest AUC value (0.99)
was observed for the contralateral normalization in the
3D-sum volume, with 100% sensitivity and only one false
positive reported whereas only one false negative was
observed when using the white matter normalization.
The false positive case occurred in a 77- year-old patient
with primary bronchopulmonary adenocarcinoma. He
received a total dose of 30 Gy in 3 fractions for his brain
lesion which was located in the left occipital region and
the delay between the end of radiotherapy and the PET
exam was 1813 days. The false negative case occurred in
a 73-year-old patient with primary renal carcinoma. He
received a total dose of 30 Gy in 3 fractions for his brain
lesion which was located in the right temporal area and
the delay between the end of radiotherapy and the PET
exam was 288 days. These two patients did not benefit
from histological diagnosis and were diagnosed from
clinical-radiological follow-up by a multidisciplinary
committee.
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The performances observed for the clinical volume
were slightly lower, with accuracies of 84.2% and 89.5%
accuracy for the CL and WM ratios, respectively.

Discussion

With the increasing use of radiotherapy for the treatment
of BM, it is necessary to accurately differentiate between
BRN and BMP during follow-up because the treatment
modalities are radically different. The imaging presen-
tations of BRN and BMP are sometimes similar. Hence,
the objective of the present study was to improve the dif-
ferential diagnosis by applying a method for processing
I8E_FDOPA PET/CT data. This method involves a short
(3-second) sampling time during a 4-minute acquisition
on a SiPM-PET machine. In order to efficiently exploit
the dynamic images, we have specifically developed a
custom MATLAB post-processing tool (VS) not available
on the manufacturer’s console.

The latest generation of SiPM-PET machines pro-
vides greater detection sensitivity. We harnessed these
capabilities for data acquired over a short (3-second)
period. Moreover, each volume was obtained with 3D
reconstruction (i.e. spatial Gaussian post filtering).
This method was only optimal for clinical volumes. We
therefore incorporated time-domain filtering into VS
and applied it to all 4D-stacks in our study; this feature
was not available on the manufacturer’s console. Fur-
thermore, we generated a summed volume (3D-sum)
to enhance the contrast and enable interpretation with
a single volume. The value of TO was adjusted for each
patient, due to the lack of synchronization between the
manual start of the LM acquisition and the manual injec-
tion of the bolus.

The data from our quantitative analysis are in line with
the results published by Cicone et al. [19]. In the latter
study, the maximum tumour activity ratio (normalized
against healthy brain parenchyma, using a threshold of
1.59) allowed the diagnosis of BMP with a sensitivity of
90% and a specificity of 92%. In our study, the BRN and
BMP groups differed significantly with regard to the
VOI,,,,«/CL ean ratio for each volume (ie. the clinical
PET volume and 3D-sum). The VOI,,./CL, .., variable
also gave excellent performance for just 4 min of acquisi-
tion, with a sensitivity of 85.7% and a specificity of 83.3%
for the clinical PET volume and a sensitivity of 100% and
a specificity of 91.7% for the 3D-sum volume.

The VOI, ,.,/WM,, .., variable has not been studied
elsewhere. It also showed a good level of diagnostic per-
formance, with a significant intergroup difference for the
clinical volume and the 3D-sum volume.

We initially decided not to analyze a quantitative
parameter normalized against contralateral striatal activ-
ity, given its poorer reported performance in the litera-
ture [19]. There was also a risk of bias when taking striatal
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Table 2 '®F-FDOPA ratio measurements for the clinical and 3D-sum volumes in the BRN and BMP groups

PET Parameter Group Median Difference [95%Cl]
volume [IQR]
Clinical VO 0/ CLien BRN 1.95 [1.46; 2.34] 1.13%[0.34,2.81]
BMP 2.70[2.65;3.95]
VOl o/ WM ean BRN 3.21[2.89;3.36] 3.48% [1.30/4.24]
BMP 6.77 [5.35; 6.87]
3D-sum VO a/Clinean BRN 2.14[1.58;291] 3.98**[1.70,5.78]
BMP 6.52[4.04;7.81]
VO ./ WM ean BRN 4.34[346;5.01] 5.81** [4.01,7.94]
BMP 9.91[9.27;11.41]

Note : *: p<0.05, **: p< 1073

Cl: confidence interval; IQR: interquartile range

activity as a reference because dopaminergic depletion
is often present in the nigrostriatal pathways after
radiotherapy.

In the study by Lizarraga et al. [25], the statistical per-
formance of a 4-point visual scale for striatal activity was
worse (sensitivity: 81%; specificity: 84%) than for all the
quantitative variables analyzed in our study.

To the best of our knowledge, the present study is the
first to have applied early-phase dynamic 'F-FDOPA
PET/CT analysis with a short sampling time to the dif-
ferential diagnosis of BRN vs. BMP. However, many stud-
ies with amino-acid PET tracers have highlighted the
value of dynamic analyses in the characterization of glial
lesions [15]. Zaragori et al. showed that the slope of the
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Fig. 4 '8F-FDOPA PET/CT images from a patient with two lesions. The top and bottom lines show the clinical volume and 3D-sum images, respectively.
The patient presented with BMP (a, ¢) and BRN (b, d). The values of the VOImax/CLmean ratio were (a) 4.79, (b) 2.77, (c) 8.73 and (d) 2.69

Table 3 Diagnostic performance of the quantitative variables for the clinical and 3D-sum volumes

PET volume Variable Cut-off Sens (%) Spec (%) Accuracy AUC
Clinical VO a/Clinean 2.64 85.7 833 84.2 0.89
VO 0/ WM 399 100 833 89.5 095
3D-sum VO /CLiean 338 100 91.7 94.7 0.99
VOl o/ WM ean 9.11 85.7 100 94.7 0.96

Note : Sens: sensitivity; Spec: specificity; AUC: area under the curve

curve in a dynamic analysis was a predictive factor in the
differential diagnosis between glioma progression and
radionecrosis using 'F-FDOPA PET/CT [26]. In their
I8E_FDOPA PET/CT study, Ceccon et al. observed a clear
increase in specificity when they combined kinetic data
with a quantitative analysis of the slope of the TAC in the
late uptake phase 20 to 50 min after injection (93%, vs.
88% for the usual method) [27]. This observation con-
firmed the value of dynamic analysis, as demonstrated in
our study by the activity ratios obtained from the 3D-sum
volume. The software developed specifically for our study
made a detailed analysis possible; today’s consoles cannot
perform this type of image post-processing on dynamic
volumes.

Our prospective study had several limitations. Firstly,
the sample size (19 lesions analyzed) was small, which
reduces the power of our study. Secondly, our diagnos-
tic gold standard (combining clinical and MRI follow-up
data) has a limitation because BRN and BMP can coex-
ist within the same lesion. Ideally, targeted biopsies or
surgery should be performed on the suspected region
of progression, so that reliable histological evidence and
a more robust gold standard could be applied. How-
ever, the risk-benefit ratio of biopsies or surgery in each
patient is low, and so this approach would not have been
ethically feasible.

Our promising, preliminary results must now be con-
firmed in a prospective study of a larger patient popula-
tion. A comparative study of the BRN and BMP TACs
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derived from the first 4 min of acquisition would be
interesting. Given the excellent performance of the early-
phase dynamic analysis (probably due to the effects of
tissue vascularization, rather than metabolism alone), it
would also be interesting to perform a similar study with
a less expensive 2-deoxy-2-['®F]fluoro-D-glucose (°F-
FDQ) tracer used in routine clinical practice.

Conclusion

By using a custom MATLAB software tool for post-pro-
cessing, we confirmed the potential value of dynamic
analysis of '*F-FDOPA PET/CT data acquired just a few
minutes after bolus injection in the differential diagnosis
of BRN and BMP.

Abbreviations
BM Brain metastases

BRN Brain radionecrosis
BMP Brain metastases progression
'F-FDOPA  [18F]-L-dihydroxyphenylalanine
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