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The 18-kDa mitochondrial translocator protein (TSPO) is upregu-
lated in high-grade astrocytomas and can be imaged by PET
using the selective radiotracer ''C-(R)PK11195. We investigated
11C-(R)PK11195 binding in human gliomas and its relationship
with TSPO expression in tumor tissue and glioma-associated
microglia/macrophages (GAMs) within the tumors. Methods:
Twenty-two glioma patients underwent dynamic ''C-(R)PK11195
PET scans and perfusion MR imaging acquisition. Parametric maps
of ""C-(R)PK11195 binding potential (BPnp) were generated. Co-
registered MR/PET images were used to guide tumor biopsy. The
tumor tissue was quantitatively assessed for TSPO expression and
infiltration of GAMs using immunohistochemistry and double immu-
nofluorescence. The imaging and histopathologic parameters were
compared among different histotypes and grades and correlated
with each other. Results: BPyp of ""C-(R)PK11195 in high-grade
gliomas was significantly higher than in low-grade astrocytomas
and low-grade oligodendrogliomas. TSPO in gliomas was expressed
predominantly by neoplastic cells, and its expression correlated pos-
itively with BPyp in the tumors. GAMs only partially contributed to the
overall TSPO expression within the tumors, and TSPO expression in
GAMs did not correlate with tumor BPyp. Conclusion: PET with 11C-
(RIPK11195 in human gliomas predominantly reflects TSPO expres-
sion in tumor cells. It therefore has the potential to effectively stratify
patients who are suitable for TSPO-targeted treatment.
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Low— and high-grade gliomas (LGG and HGG, respectively) are
the most common primary brain tumors in adults. Their outcome
depends on patients’ age, tumor location, histotype, and grade. Ther-
apeutic options include surgery, radiotherapy, and chemotherapy but
their intra- and intertumoral genetic, epigenetic, molecular, and met-
abolic heterogeneity represents a challenge for their treatment plan-
ning (/). An individualized approach has therefore been advocated to
more effectively target cancer cells, but such an approach requires
adequate stratification of patients. The term theranostics has recently
been introduced as a conceptual framework to develop diagnostic tests
that directly lead to the application of targeted therapies (2,3). In this
respect, molecular imaging can be instrumental to personalized treat-
ment to assess the biodistribution and pharmacokinetics of drugs and
to determine their efficacy and safety in the treatment of cancer
patients (4).

The 18-kDa mitochondrial translocator protein (TSPO) is
a promising candidate for a theranostic approach of gliomas as
it can be visualized and quantified with PET and because it is
highly expressed in astrocytomas (5,6), but its expression is low in
the normal brain. In view of this evidence, experimental studies
proposed the TSPO as a target for selective delivery of anticancer
drugs into glioma cells or to be exploited as a transporter of drug-
containing nanoparticles (7-9). TSPO upregulation in cancer cells
and its function in their growth, survival, and migration have re-
cently attracted considerable attention (/0).

By combining PET imaging and analysis of tumor tissue, we
aimed to characterize the cell source of TSPO in LGGs and HGGs,
and understand the potential of such TSPO imaging in detecting
anaplastic transformation of LGGs and stratifying patients who
could be eligible for TSPO-targeted treatment. The evidence that
the single nucleotide polymorphism in exon 4 of the TSPO gene
affects the binding of second-generation ligands (/7) led us to opt
for "C-(R)PK11195 (1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-
3-isoquinoline carboxamide). In addition, most second-generation
TSPO ligands have been used only in experimental animals and
are not fully characterized in humans (/2—-/4). In our previous
study, we have demonstrated that ''C-(R)PK11195 is a suitable
radiotracer for glioma imaging (/5). In the present study, we hy-
pothesized that TSPO expression in gliomas differs between tumor

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 56 ¢ No. 4 « April 2015


mailto:karl.herholz@manchester.ac.uk

grades and histotypes, which could be detected by ''C-(R)PK11195
PET imaging; this neuroimaging modality has the potential to iden-
tify transforming LGGs and be used to stratify patients for TSPO-
targeted treatment that would challenge neoplastic cells.

MATERIALS AND METHODS

Patient Selection

We recruited patients with intraaxial supratentorial, hemispheric
tumors consistent with World Health Organization (WHO) grade II
and III glioma on structural and perfusion MR imaging scans with the
aim to investigate the change associated with anaplastic transforma-
tion. As a comparison, we also investigated 2 lesions with obvious
neuroimaging features of glioblastoma multiforme (GBM). Over-
all, 24 patients were enrolled in this study. One patient was excluded
because no surgical procedure was performed soon after the PET scan
and another excluded because histologic diagnosis was ganglioglioma,
leaving 22 patients (mean age, 39 y; range, 22-62 y; 6 women) for
analysis. None of the patients had concurrent disease; was on benzo-
diazepine medication; or had surgical intervention, radiotherapy, or
chemotherapy before PET scanning. Nine patients received dexameth-
asone, but the medication was withdrawn 2 wk before PET scanning,
except in 2 patients for whom the discontinuation was felt contra-
indicated. Detailed demographic and clinical findings are reported
in Supplemental Table 1 (supplemental materials are available at
http://jnm.snmjournals.org).

This study was approved by the Wrightington, Wigan and Leigh
Ethics Committee, and all subjects signed a written informed consent
form. Permission to administer radioisotopes was granted by the
Administration of Radioactive Substances Advisory Committee of the
Department of Health (ARSAC), UK.

Neuroimaging Studies

MR Imaging. Volumetric MR imaging was performed within 1 mo
before PET scanning (median, 5 d; range, 0-31 d) using a 3.0-T scanner
(Philips Achieva; Philips Medical System). Standard anatomic sequen-
ces were acquired: 3-dimensional T1-weighted gradient-echo sequence
(repetition time [TR]/echo time [TE], 500/10 ms; matrix, 512 X 512;
slice thickness, 4 mm), 2-dimensional T2-weighted turbo spin-echo
sequence (TR/TE, 3,000/80 ms; matrix, 1,024 x 1,024; slice thickness,
3 mm), T2-weighted fluid-attenuated inversion recovery sequence (TR/
TE/inversion time, 11,000/120/2,800 ms; matrix, 512 x 512; slice thick-
ness, 3 mm), and postcontrast T1-weighted images (TR/TE, 9.85/4.6
ms; matrix, 224 X 224; slice thickness, 1 mm; flip angle, 8°) after
intravenous gadolinium (Dotarem; Guerbet Laboratories) administration
(0.1 mmol/kg at 4 mL/s). Additionally, T2*-weighted dynamic suscep-
tibility contrast-enhanced MR imaging (TR/TE, 16.8/24.8 ms; matrix,
80 x 80; slice thickness, 3 mm; flip angle, 7°; temporal resolution, 1.71 s;
number of dynamic acquisitions, 60) was performed in 20 patients.

PET. "'C-(R)PK11195 was synthesized according to established
methods (/6,17). PET scans were obtained on the High Resolution
Research Tomograph (Siemens/CTI) as described previously (/5). The
injected dose of ''C-(R)PK11195 was 509 = 123 MBgq, with a specific
radioactivity of 132 * 49GBgq/pmol. Data acquisition and reconstruc-
tion were also conducted as described previously (/5). The voxel size
of reconstructed PET images was 1.22 X 1.22 X 1.22 mm. Postrecon-
struction images were regularized with a 3-dimensional gaussian filter
of 4 mm in full width at half maximum to reduce image noise on the
voxel level.

Image Analysis. Each individual MR image was coregistered with
the summed PET image (/8). The quality of coregistration was visu-
ally inspected for accurate anatomic colocalization. Parametric maps
of ''C-(R)PK11195 binding potential (BPyp, representing the ratio of
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the specifically bound radioligand over the nondisplaceable one in
tissue at equilibrium (/9)) were calculated using the simplified refer-
ence tissue model (20), with the cerebellar gray matter providing the
reference tissue input function (15).

Tumors and the surrounding visible edema were manually delineated
on the coregistered T2-weighted fluid-attenuated inversion recovery MR
image and confirmed against the T1-weighted postcontrast MR image.
The tumor region of interest was projected onto the BPyp parametric
map for sampling the mean BPyp value of the entire tumor.

T2* dynamic susceptibility contrast-enhanced MR imaging data
were analyzed according to established methods (27,22). Cerebral
blood flow (CBV) maps were calculated by numeric integration of
the area under the concentration time curve from the arrival to recir-
culation of the contrast bolus (23). The CBV map was coregistered to
the T1-weighted postcontrast MR image that had already been regis-
tered to the summed PET image. Tumor blood volume was quantified
using rCBV (CBYV relative to the normal-appearing white matter in the
contralateral cerebral hemisphere). The whole-tumor region of interest
was further edited to exclude areas of large vessels, when present, and
projected onto the rCBV map to sample the mean rCBV value of the
entire tumor.

Coregistered MR/PET images were used to guide tumor biopsy
from areas of contrast enhancement (CE) and high as well as low
BPxp or rTCBV.

Neuropathology Assessment

The sample comprised 13 astrocytomas (6 grade II, 4 grade III, 3
grade IV) and 9 oligodendrogliomas (7 grade II, 2 grade III). Tumors
were graded according to the current WHO criteria (24). All oligo-
dendrogliomas and 6 astrocytomas were positive for IDHIR!32H, The
Ki-67 index ranged from 1% to 30% (mean, 7%) and increased with
the tumor grade (P = 0.023). All oligodendrogliomas showed loss of
heterozygosity 1p19q; 1 GBM had 19q deletion with intact Ip.
Detained clinicopathologic features are reported in Supplemental
Table 1.

The expression of TSPO in neoplastic and nonneoplastic cells and
the extent of glioma-associated microglia and macrophages (GAMs),
astrocytosis, and microvascular proliferation were evaluated using
immunohistochemistry and double immunofluorescence (DIF) in 21
cases (the sample from a WHO 1I oligodendroglioma was too small)
with antibodies directed against the calcium-binding adapter molecule
1 (Ibal) for GAMs, glial acid fibrillary protein and excitatory amino-
acid transporter 2 for astrocytes, and CD31 for endothelium. DIF was
used to distinguish TSPO-positive in neoplastic and nonneoplastic
cells. To compare PET imaging results and TSPO expression in tissue,
we quantified the density of TSPO-positive cells and Ibal-positive
GAMs of each tumor and represented the value as percentage of
positive cells against overall cell density x 0.25 mm?. The density of
TSPO-positive GAMs X 0.25 mm? was calculated with DIF. As a sur-
rogate marker of TSPO content in tissue, we also measured the in-
tensity and surface of cytoplasmic TSPO immunolabeling after
a threshold of intensity based on endothelial expression was selected.
For all measurements, counting was duplicated by a second observer
and correlated for interobserver variability. Detailed protocols for
neuropathology assessment are reported in the Supplemental Methods
section.

Statistical Analysis

For statistical analysis, tumors were grouped as low-grade astrocy-
tomas (LGAs, n = 6), low-grade oligodendrogliomas (LGOs, n = 7),
and HGGs (including 7 high-grade astrocytomas and 2 anaplastic
oligodendrogliomas [AOs]). Imaging and pathology parameters were
compared by the Kruskal-Wallis test and by Pearson correlation anal-
ysis using SPSS 13.0 (IBM).
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FIGURE 1. Box plot of mean rCBV (A) and 1'C~(R)PK11195 BPxp (B)

in different grades and types of gliomas.

RESULTS

MR Imaging: CE and rCBV

Substantial intratumoral CE was observed in 2 GBMs, whereas
CE was absent or minor in most tumors (Supplemental Table 1).
rCBV maps showed considerable heterogeneity within tumors, and
small foci of increased rCBV within the tumor were observed in 5
LGOs and 1 LGA. A significant grouping effect was found in mean
rCBV (P = 0.032), wherein LGOs showed a higher mean rCBV
than that of LGAs (P = 0.012) and did not differ from HGGs (P =
0.406, Fig. 1A).

PET Scanning with 1'C-(R)PK11195

As a whole, LGGs (LGAs plus LGOs) demonstrated a mean
BPyxp of ''C-(R)PK11195 significantly lower than HGGs (P =
0.006). ''C-(R)PK11195 binding within LGGs appeared even
lower than that in the surrounding cerebral cortex (Fig. 2A). A
significant grouping effect was also found in mean BPyp among
the 3 groups (P = 0.008). Post hoc analysis revealed lower mean
BPyp values in LGAs and LGOs than HGGs (P = 0.007 and 0.05,
respectively, Fig. 1B), and the difference in mean BPyp between
LGAs and LGOs was not significant (P = 0.063) though the
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values tended to be higher in the latter. BPyp values of LGOs
were lower than the 2 AOs. Small foci of high BPyp were present
in 7 LGGs, 5 of which were oligodendrogliomas (Fig. 2A). There
were no significant differences in the cold (R)-PK11195 injected
among all groups.

Four tumors displayed faint or no CE but pronounced ''C-(R)
PK11195 binding (Fig. 2B). These 4 cases were all confirmed to
be HGGs postoperatively. In all the tumors with CE, areas of
increased BPyp always exceeded areas of CE. Small foci of in-
creased rCBV seen in LGGs did not colocalize with small foci of
increased BPnp, whereas 5 HGGs demonstrated high rCBV foci
colocalized with focal CE and high BPyp. Overall, mean BPyp
and mean rCBV were moderately correlated (r> = 0.38, P =
0.005).

Neuropathologic Assessment

TSPO-positive cells showed cytoplasmic, granular TSPO immu-
nolabeling consistent with mitochondrial location. No convincing
nuclear expression was observed. TSPO-positive cells were evenly
distributed in the tumor mass as well as in its peripheral, infiltrative
component, and their average density ranged between 9 and 87
cells x 0.25 mm?, accounting for 1.7%-38.6% of the overall cell
population. DIF experiments demonstrated that TSPO was predom-
inantly expressed in neoplastic cells (Supplemental Fig. 1; Supple-
mental Table 2). The number of TSPO-positive neoplastic cells
increased with the WHO grade, but the trend did not reach statis-
tical significance (P = 0.064). The surface of TSPO-positive cyto-
plasms measured by intensity of expression varied between cases
ranging between 0.77% and 6.07% (mean, 2.18%; median, 1.50%).
When grouped by WHO grade and histotype, the average value
significantly increased with grade (P = 0.007) (Fig. 3; Supplemen-
tal Table 2), being higher in HGGs than LGAs and LGOs (P =
0.025 and 0.007, respectively), although the expression in 2 ana-
plastic astrocytomas (AAs) overlapped LGAs with values of 1.95%

FIGURE 2. (A) Coregistered and fused postcontrast T1-weighted MR
images (gray scale) and parametric BPyp images (spectrum color scale)
of representative cases of LGA, LGO, and HGG; BPyp is low in LGAs
whereas high BPyp foci are found in LGOs and high BPyp areas in
HGGs (arrows). (B) Coregistered postcontrast T1-weighted MR images
and parametric BPyp images in 4 HGGs showing little or no contrast
enhancement (arrows) and high ''C-(R)PK11195 binding within tumors.
Color bars denote BPyp values.
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FIGURE 3. Tissue analysis of TSPO expression in different tumor his-
totypes and grades using immunohistochemistry. Examples shown are
LGO (A) and AA (B) in TSPO immunoperoxidase immunohistochemistry,
%x20. Neoplastic cells in LGO show rim of positive cytoplasm (arrows)
whereas neoplastic cells in the case of AA show large, intensely positive
cytoplasm reflecting higher TSPO content.

and 1.03%, respectively. TSPO expression did not differ between
LGAs and LGOs.

GAMs accounted for 7.5%—-44.4% of the overall cell density
and their density also showed a trend to increase with the WHO
grade (P = 0.054) (Fig. 4), but DIF demonstrated that only a pro-
portion of GAMs ranging between 4.2% and 55.8% expressed
TSPO (mean, 16.9%) (Figs. 4C and 4D; Supplemental Fig. 1;
Supplemental Table 2) and that TSPO-positive GAMs accounted
for part of the overall TSPO cell population (mean, 21.7%; range,
4.2%-55%). Neither the density of total GAMs nor the density of
TSPO-positive GAMs differed among the 3 groups (LGAs, LGOs,
and HGGs).

Density GAMs x 0.25mm* o
Average density
TSPO-pasitve cells
x 0.25mm’®

F ¥ &L e O R S
i Histotype
Histotype == TSPO-positive tumor cells
B TSPO-negative GAMs TSPO-positive GAMs
TSPQ-positive GAMs.

FIGURE 4. Overall distribution of GAMs and TSPO-positive GAMs in
different tumor histotypes and grades. Examples shown are LGA (A)
and AA (B) in Ibal immunoperoxidase immunohistochemistry, x20,
where less Iba1-positive stain is observed in LGA than AA, indicating
increase of GAMs with tumor grade. (C) Density (per 0.25 mm?2) of
TSPO-positive and TSPO-negative GAMs in different tumor histotypes
and grades. (D) Average density of TSPO-positive neoplastic cells and
TSPO-positive GAMs in different tumor histotypes and grades.
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FIGURE 5. Bivariate correlation between TSPO expression in glioma
tissue and mean BPyp of "'C-(R)PK11195 in tumors.

No TSPO expression was identified in reactive astrocytes
(Supplemental Fig. 2). Endothelial and smooth muscle cells of
normal vessels entrapped in neoplastic tissue were TSPO-positive
irrespective of tumor histotype and grade. In contrast, TSPO
expression was low to absent in newly formed vessels seen in the
cases of GBM (Supplemental Fig. 2).

Tumor BPyp correlated with the surface of TSPO-positive cyto-
plasms (r> = 0.47, P < 0.001, Fig. 5) and the density of TSPO-
positive neoplastic cells (+> = 0.30, P = 0.01) but not with TSPO-
positive GAMs. These positive correlations became stronger in
HGGs (2 = 0.57 and > = 0.55) but were not significant in LGAs
or LGOs, when different tumor types and grades were investigated
independently. Our results altogether confirm that '"C-(R)PK11195
binds predominantly TSPO in neoplastic cells, with only a minor
interference from microenvironment.

DISCUSSION

In this study, we have investigated the suitability of PET
imaging to stratify gliomas with low and high TSPO expression
and its potential to identify anaplastic transformation of LGGs.
PET imaging findings were compared with structural and perfu-
sion MR imaging and were validated with tissue analysis. Our
results demonstrated an excellent correlation between TSPO in
tumor cells and ''C-(R)PK11195 binding, indicating the potential
of TSPO imaging for patient stratification and detection of tumor
progression.

The binding of ''C-(R)PK11195 and tissue expression of TSPO
were low in LGGs. Similar to our result, a previous autoradiogra-
phy study (25) documented lower intratumoral binding in LGGs
than GBM but, unlike our imaging study, did not examine
PK11195 binding in normal tissue of the same patients with
LGA. We even observed negative numeric values in LGGs, sug-
gesting that the cerebellum as the reference region had higher
residual TSPO binding than the LGGs. Although this is a limitation
for our ability to measure the absolute level of binding potentials,
it does not appear to be critical for relative comparison between
different tumors and for identification of patients with high TSPO
expression in tumor cells, who could potentially benefit from
TSPO-targeted treatment. The results did not depend on the choice
of the reference region. Even when using the supervised cluster
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technique, though not preferred for gliomas for reasons reported in
the previous methodologic study (/5), we obtained essentially the
same results.

In the interpretation of results we also considered potential
confounding factors. Most malignant gliomas show disruption of
the blood-brain barrier (BBB), which could affect tracer uptake.
Because of our selection criteria, we included several HGGs with
little or no BBB disruption (as demonstrated by absence or mild
focally restricted CE on MR imaging) as well as 2 GBMs with
extensive CE. The spatial extent of increased tracer binding al-
ways exceeded the extent of CE, and 4 of the 5 nonenhancing
HGGs demonstrated high ''C-(R)PK11195 binding, indicating the
independence of increased binding from BBB disruption and the
possibility of TSPO imaging in early detection of malignant trans-
formation. In our previous methodologic study, we already dem-
onstrated by kinetic analysis of '"C-(R)PK11195 uptake in these
tumors that tracer extraction from blood to tumor tissue does not
depend on tumor grade or BBB breakdown (/5), probably because
of tracer lipophilicity.

When histotypes were examined separately, LGOs showed
higher ''C-(R)PK11195 binding than expected from tissue
analysis. The reason for this discrepancy is not clear, but it is
likely due to the higher vascular density of LGO (217), which
was also evident in our rCBV measurements. Although endo-
thelial TSPO expression was similar to LGAs, the increased
number of vessels could explain the apparent high BPyp in
LGOs because vessels were not included in TSPO quantifica-
tion on tissue. Higher tracer uptake in oligodendrogliomas than
in astrocytomas of the same grade has been noted for other
tracers, including '8F-FDG and amino acids (26,27). The cal-
culation of the BPyp using the simplified reference tissue
model includes a correction for possible differences in trans-
port, which could be caused by the differences in vasculature.
When we included a correction for local blood volume as sug-
gested by Tomasi et al. (28), the results were similar whereas
the variation of estimated parameters increased.

Though limited to a few cases, our results showed increased
HC-(R)PK11195 PET and tissue expression in anaplastic glio-
mas, suggesting that TSPO imaging can be used to detect an-
aplastic transformation in LGGs, which is especially interest-
ing and promising in oligodendroglial tumors. In our study,
rCBV analysis did not reveal significant differences between
LGOs and AOs or other high-grade astrocytomas. Preoperative
distinction between LGOs and AOs is challenging with struc-
tural and physiologic imaging, and correct grading can also be
difficult at histology. A few PET imaging studies have inves-
tigated oligodendroglial tumors, and to our knowledge none
has used ''C-(R)PK11195. '®F-FDG and ''C-methionine or
both ligands in combination demonstrated generally high
tracer uptake of oligodendrogliomas irrespective of their
WHO grade (29,30).

We demonstrated a quantitative correlation between in vivo PET
imaging and TSPO in tissue evaluated by immunohistochemistry
and DIF, and as expected we observed an overall significant
correlation between tumor grade and TSPO binding although not
all AAs show high tracer uptake. One AA in particular showed
negative BPyp. This tumor was a transforming astrocytoma in
which anaplastic features were limited to a small component of
the lesion, and the overall TSPO expression was as low as LGAs.
Our results on tissue are consistent with previous studies that used
immunohistochemistry to investigate TSPO in human astrocytomas
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(31,32) and documented variability in TSPO expression and some
degree of overlap between WHO grade 1I and III lesions.

Tissue analysis in this study was based on paraffin-embedded
tissue. For this reason, we could not perform affinity analysis and
quantification of TSPO protein content. To overcome this limitation
we used 3 different approaches and correlated them to PET imaging.
We first measured the number of TSPO-positive cells against the
total cell population and then estimated the number of TSPO-
positive cells per surface unit. These 2 approaches showed a trend
toward or reaching significance but did not take into account the
density of TSPO in cell cytoplasm. As a surrogate measure of TSPO
density, we therefore opted to measure the intensity and surface of
TSPO-positive cytoplasm per surface unit. This method proved to
correlate significantly with imaging data as it more accurately
reflected the amount of TSPO and therefore the binding sites
available in the cell cytoplasm. Notably, values below 1.5% in tissue
correlated with absence of detectable ''C-(R)PK11195 uptake.

To our knowledge, this study is the first to comprehensively
address the question of TSPO expression in both neoplastic and
nonneoplastic cells in human gliomas and quantify expression in the
different cell populations. Similar to previous studies (/4,33), we
demonstrated that TSPO is predominantly expressed in neoplastic
cells, with GAMs only partially contributing to PET signal and no
expression in reactive astrocytes. We also demonstrated that TSPO
was detectable only in a subpopulation of microglia and macro-
phages, overall accounting for about 16% of GAMs. This observa-
tion overcomes the general assumption from studies on neurode-
generative and neuroinflammatory conditions that almost all
activated microglial cells are TSPO-positive and therefore that
a high proportion of ''C-(R)PK11195 binding relates to microglial
TSPO (34,35). The reason for TSPO downregulation in GAMs is
unclear. Although animal models documented reduced microglial
TSPO (36) and reduced 3H-PK11195 binding (37) after steroid
administration, TSPO downregulation in GAMs did not depend
on preoperative dexamethasone because only 2 patients were on
the medication throughout the study and their BPyp as well as
TSPO-positive GAMs were not low, compared with other cases.

CONCLUSION

PET with ""C-(R)PK11195 in human gliomas predominantly
reflects TSPO expression in tumor cells. We proved that TSPO
imaging has the potential to detect early anaplastic transformation
of LGGs, and it can be effective to stratify patients with glioma
who are suitable for TSPO-targeted treatment. The evidence that
not all AAs show high TSPO further supports the role of TSPO
imaging for patient selection. The need for overcoming the BBB
to deliver drugs within the central nervous system has further in-
creased the focus on TSPO, as its ligands are highly lipophilic and
therefore easily cross an intact BBB. The identification of bio-
markers that allow patient stratification and monitoring of disease
progression and response to treatment is one of the major chal-
lenges of molecular imaging and the central paradigm of thera-
nostics.
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